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INTRODUCTION 
When rain falls on sloping farmland, some of the water 
usually enters the soil. The phenomenon of its entering the 
surface is called "infiltration", and the time rate at which 
it enters, the "infiltration rate," It is quite evident, then, 
that the infiltration rate determines the amount of water 
that can enter the soil in a given time. For this reason 
infiltration is important to the agriculturist, and similarly, 
the study of the infiltration process to the soil scientist. 
In recent years many workers have investigated methods 
of determining infiltration rates of soils. However, most 
of these methods have been developed to meet a specific need 
and in many cases the application of the method to other soils 
and conditions is quite limited. The recent trend in deter­
mining infiltration rates has been away from in situ field 
measurements of application and run-off or run-in rates and 
toward the estimation of infiltration based on laboratory 
determinations of the physical properties which affect water 
flow through the soils. The development of modem computing 
facilities has opened the way for the application of soil 
water flow theory to problems that heretofore were avoided 
because of the lengthy calculating procedures Involved. 
A numerical solution to the infiltration equation (Hanks 
and Bowers, 1962) was used by Green (1962) to estimate cumula­
tive infiltration and the infiltration rate under various 
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conditions. Estimated rates agreed well with field-measured 
rates for an Ida silt loam that was protected from rain drop 
impact. However, infiltration was overestimated when the 
surface was unprotected. The water content-suction-diffusivity 
relation for Ida silt loam and the infiltration rates derived 
from it lead to the first area of interest in the work pre­
sented here. 
The problem herein deals with the variation within the 
Ida silt loam series. Do the water content-suction-diffusivity 
relations differ appreciably within this area; and if they do, 
how does this affect estimated infiltration? 
To answer these questions, six locations within the 
Monona-Ida-Hamburg soil association area were selected having 
soils that exhibit a wide range of characteristics but still 
fall within the range that delimits Ida silt loam. Figure 1 
is an outline of the state of Iowa showing the boundaries of 
the Monona-Ida-Hamburg association area and the location of 
the six sample sites which are indicated in each case by the 
name of the nearest town. 
In addition to the local or micro factors which may be 
responsible for some soil differences, there are two general 
gradients which cross the study area at nearly right angles 
to each other. The first of these is a parent material gradi­
ent, i.e. a thinning of the Wisconsin aged loess with increas­
ing distance from the major source, the Missouri river flood 
plain on the west. The second is a strong annual rainfall 
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Figure 1. The location of six Ida silt loam sites within the Monona-Ida-Hamburg 
soil association area (shaded). 
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gradient from north to south. The Hamburg site (southernmost) 
is in an area having more than 31 inches of annual rainfall, 
while at Akron (northernmost), the annual rainfall is less 
than 25 inches (Shaw and Waite, 1964). 
The second portion of this thesis deals with the develop­
ment of a method for evaluating the effect of a "dynamic 
crust" upon infiltration. Water content-suction-diffusivity 
relations for surface crusts were determined as a function of 
exposure to rainfall and were used in infiltration estimations 
at times consistent with the amount of rainfall applied. By 
using the water flow relations derived from the crust, infil­
tration can be estimated from the physical characteristics 
of both the surface, which changes during a rainstorm, and 
the subsurface, which remains more or less unchanged by the 
energy of falling rain. 
If it is found that this method or any similar method has 
wide-spread application, we may now be able to use physical 
characteristics to estimate infiltration into freshly prepared 
and fallow surfaces as well as into soils that are well pro­
tected by a cover crop. 
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REVIEW OP LITEBATUEE 
This review of pertinent literature is divided into three 
related sections: 
a) early attempts to discover what factors affected the 
infiltration rate and how their effects could be 
compared; 
b) defining and measuring the parameters that govern 
water flow in soils; and 
c) estimating infiltration from soil physical properties. 
Determining the Factors that Affect Infiltration 
Infiltration is the process by which water enters the 
soil. Immediately, two related phenomena are Involved: 
1. Free water positioned on the soil surface becomes 
incorporated in the soil. 
2. Water within the soil surface must move downward 
through the soil to make room for subsequent water 
flow through the surface. 
It is evident, then, that factors and conditions which 
affect water movement both at and below the soil surface 
govern infiltration and the infiltration rate. Horton (1933) 
surmised that conditions at or near the soil surface govern 
the infiltration rate, and later (Horton, 1937) added that 
structure, texture, and porosity were undoubtedly important. 
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Free et al. (1940) added non-capillary porosity^, degree 
of aggregation, organic matter content, and permanency of 
large pores to the list of factors affecting infiltration. 
They also concluded that man influenced the infiltration rate 
and noted that the addition of organic matter, proper tillage, 
and good cropping programs could enhance water uptake ; and 
conversely, that any practices which reduced porosity or 
destroyed aggregation would have an adverse effect upon infil­
tration. Their observations resulted from a study of relative 
infiltration on 68 North American soils. 
Browning (1939) was in agreement with previous workers 
and presented a more precise description of these same factors, 
"...the factors which affect the size and distribution 
of the soil pores determine... rate of water movement in 
soils. Any change...which results in a decrease of 
pore size will usually cause a decrease in the infil­
tration rate..." 
He further noted that the swelling process affects infiltra­
tion since a soil swells largely at the expense of the soil 
pores. As he stated: 
.Large...pores may become capillary in size and 
capillary pores may become essentially sealed to the 
movement of water." 
Prior to the observations by Browning, Baver (1936) 
drew similar conclusions. He reported that the rate and 
amount of water movement within the soil was related to the 
^Capillary and non-capillary porosity are generally de­
fined by the volume of pore space that will remain saturated 
at suctions greater and less than 60 cm. of water, respectively. 
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properties that affected the nature of the pore space. He 
showed that the most impermeable layer of Shelby silt loam 
contained only 5 percent non-capillary porosity whereas the 
minimum non-capillary porosity of Marshall silt loam was 25 
percent. Musgrave (1935) showed that the infiltration rate 
of Marshall silt loam was much greater than that of Shelby 
silt loam. 
The aforementioned work pertains mainly to the factors 
governing flow below the surface. Duley (1940) proved that 
the crust layer at the surface restricted infiltration. He 
measured a high continuous infiltration rate into a straw-
covered surface followed by a declining rate which accompanied 
crust formation when the straw was removed. He then skimmed 
off the thin crust and found that the original high infiltra­
tion rate again prevailed into the new surface. 
Crust formation on sands and sandy soils has been studied 
by Lemos and Lutz (1957)» Duley (1940), Mavis and Wilsey 
(1936), and Muskat (1937). 
Water quality has an affect upon the infiltration rate. 
Richards (1952) says that changing the soluble electrolytes 
in the water by only a few hundred parts per million can change 
the water flow rate in some agricultural soils by a factor of 
300. The viscosity of the water is also affected by tempera­
ture, he notes. Duley and Domingo (1944) concluded that there 
was no temperature effect in the field, which was later sup­
ported by Erie (1962) who indicated that the temperature of 
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the soil or the water is probably unimportant unless it is 
near the freezing range. 
Parr and Bertrand (I96O), after reviewing nearly 200 
references on infiltration, state that the infiltration rate 
depends upon the physical condition of the soil and the 
hydraulics of the water in the profile, both of which may 
change rapidly with time. Browning (1939) indicates the 
complexity of infiltration measurements by stating that no 
single factor can be found which will serve as an index for 
determining the infiltration rate for an individual soil 
profile, Erie (1962) more vividly explains why infiltration 
rates are difficult to determine by listing these factors as 
surface conditions which affect the rate at which water can 
enter the soil: 
irrigation, tillage operations, rainfall, foliage, 
compaction, temperature, cracking, erosion, and shading 
by plants," 
To further complicate the process, he states that in the soil 
mass. Itself, where continuity must exist, water movement is 
affected by: 
".,.soil texture, sorting of particles, plow soles, 
bacterial action, root development, earthworms, and 
chemicals," 
Quantitatively Measuring Important Factors 
In 194-8, Childs and Colli s-George introduced into soils 
literature a combination of two older, well-established laws 
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which changed entirely the emphasis on infiltration research. 
They started with the assumptions of Buckingham (1907) 
who argued that water movement through a soil sanç)le was to 
some degree analogous to the flow of heat through a bar or 
of electricity through a conductor. Buckingham showed that 
there was a relation among pore size, capillary rise, and 
water tension or potential and inferred that each sample had 
a specific conducting capacity or ability to pass water through 
itself. This concept may be expressed mathmatically by Darcy's 
law in the form 
V = -lOi (1) 
O ^  
where v is the average velocity of water flowing in the x 
direction, K is the conducting capacity of the soil, called 
capillary conductivity, andd^/<^x is the potential gradient 
in the x direction. 
Childs and Collis-George combined with (1) the equation 
of continuity, which is a mathmatical expression stating that 
the change in water content is a function of the rate at which 
water comes into and leaves a given area. It is given as 
( 2 )  
^ t ^ X 
where 0 is the percent water by volume, and v is the same as 
in (1). Substituting the right hand side of (1) for v in 
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equation (2) gives 
-g# 
which shows how water content changes with time for any 
given X, 
As Green (I96I) shows the total potential ^, consists 
of a capillary potential or soil water suction jC, plus a 
gravitational potential Z. Both ^ and Z can be expressed in 
units of length ( as the height of a water column that would 
create an equivalent negative pressure, and Z as the distance 
above a reference plane), so 0, given as 
0 = (p + Z (4) 
has dimensions of length only. We can let Z = -x in (4), by 
locating the reference level at the bottom of the soil sample 
and assuming x to be positive downward, and then replace 4> In 
(3) by if-x) to give 
ijg. = ^  
(9 X <P X 
which, upon separation of (f) and x, becomes 
["«] t%--h f'iil-a • 
Now, if we define a new function of water content, dif-
fusivity, as D = and if we assume a single valued or 
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unique relation between the capillary potential, and 
the volumetric water content, we can say that in equation (5) 
M = 
and (5) can now be written 
^ = (7) 
which describes the vertical movement of water in an isotropic 
segment of soil. 
According to equation (7), the only information needed 
to estimate infiltration for any soil is the relationship 
between water content, suction, and diffusivity. In other 
words the water content-suction-diffusivity relations as 
determined from a given sample can be used to describe water 
movement within that sample without concern or reference to 
the factors that played a part in giving the sample its present 
characteristics. 
The next phase of infiltration research, then, concerns 
the determination of the <«'(©) and D(e), or as shown by the 
definition of D, the w(e) and K(&) relations. 
The water content versus suction curve relation) 
is easily determined, Richards (1948) describes a porous 
plate apparatus with which a soil sangle can be equilibrated 
at any desired suction, thus giving Q for many levels of y. 
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Variations of his method with many types of membranes have 
been used (Richards, 194?). More recently, Reginato and van 
Bavel (1962) described a technique for weighing the sample 
and enclosing pressure cell to determine the water content at 
each equilibrium tension. 
Diffusivity or capillary conductivity as a function of 
water content is, however, much more difficult to determine. 
In recent years four different approaches have been reported 
and accepted to different degrees. 
Bruce and Klute (1956) packed a horizontal column of 
glass rings with sand or glass beads and allowed the sample 
to wet by capillarity from one end. The position of the 
wetting front was observed as it advanced and the water content 
of each segment was determined gravimetrically after each 
run. This gave a water content versus distance curve for a 
given time. From a plot of e versus x, they evaluated 
for several values of thereby getting diffusivity as a 
function of water content, D{0), This method requires 
exacting technique and precision; and only if the wetting 
front is quite gradual, not abrupt, can a precise estimate of 
diffusivity at intermediate water contents be obtained. 
The conductivity relations may be measured directly by 
two other methods, steady-state and unsteady-state. The 
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steady-state method involves the establishment of a flow 
system through a sample in which the water content, tension, 
and flow rate do not change with time. In the unsteady-state 
method, all of these quantities vary with time. 
Klute (1965a) describes the apparatus and theory of the 
steady-state method thoroughly. In general, a form of Darcy's 
law (v =r -K(^)d<i') is evaluated by measuring the flux or volume 
flow through a sample at various water contents and mean 
pressure head. At each level of water content, a steady-state 
flow is set up by imposing a suction gradient across the sample, 
either by unequal hanging water columns or an air pressure 
system. The conductivity value obtained is considered valid 
for the average water content in the sample and the K(#) 
function is obtained by repeating the measurements of flux 
and gradient at different water contents. Nielsen and Biggar 
(1961), Childs (19^5)» and Corey (1957) have also given 
descriptions of steady-state flow methods for determining 
capillary conductivity as have Richards and Moore (1952) and 
Gardner and Miklich (1962). 
The unsteady-state or outflow method is described in 
detail by ïCLute (1965b). This method is based on the measure­
ment of outflow volume from a sample in a pressure cell as a 
function of time (Gardner 1956). A soil sample in good contact 
with a porous plate or membrane is brought to equilibrium with 
a given pressure in the cell. The pressure is raised by a small 
increment, and the volume of outflow versus time is recorded. 
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The diffusivity corresponding to that water content is deter­
mined from analysis of the outflow versus time curve. 
There are several methods of obtaining diffusivity values 
from the outflow data. Gardner (1956) describes a method 
completely analogous to that given by Klute (1965b). Kunze 
and Kirkham (1962) describe a curve-matching technique which 
compares a plot of the initial outflow from each desorption 
step with theoretical curves. By using only the initial out­
flow rather than all the outflow from a given step, the assump­
tion of constant diffusivity or water content over the pres­
sure step is more nearly satisfied. 
Miller and Elrick (1958) used similar technique but 
utilized the total outflow from each step rather than just 
initial outflow, Richards and Richards (1962) modified the 
apparatus by extracting the outflow from the sample through a 
centrally positioned filter candle instead of through a porous 
plate at the bottom of the pressure cell. Their reasoning was 
that as the water content was reduced, any shrinkage which 
might take place would tend to improve the soil-candle contact, 
which was not the case when the sample merely sat upon a 
porous plate. The changing of outflow measuring technique 
did not alter the calculations and their mathematical manipula­
tions are analogous to those of Gardner (1956) and Miller and 
Elrick (1958), 
More recently, the procedure was further adapted by 
Doering (1965). He, too, records total outflow with time; but' 
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desorbs the sample with only one equilibrium step which covers 
the entire water content range desired and greatly reduces 
the time involved. His work with five different soils shows 
that the one step method gives diffusivity values as reliably 
as other outflow methods. 
Finally, there is an indirect method by which diffusivity 
values may be inferred from the water content versus suction 
curve and the saturated conductivity of the soil. This method 
is advantageous in that the time rate of outflow need not be 
recorded. Brooks and Corey (1964) define the principles and 
methods used to relate diffusivity to relative saturation. In 
this method the saturated conductivity is the base from which 
relative capillary conductivities are determined. Active 
parameters involved are pore size distribution, bubbling pres­
sure of the media, and effective saturation. Childs and 
Collis-George (1950) and Marshall (1958) report a similar 
method. Millington and Quirk (I960, 1961) also determined 
capillary conductivity from the pore size distribution inferred 
from water content versus suction curves. Jackson ^  al. 
(1965) found that the Millington and Quirk curves fit experi­
mental data when adjusted to measured saturation values. 
Infiltration estimated from diffusivity relations can be 
accurate only insofar as the D values are valid. As Richards 
and Richards (1962) report, 
"The use of existing theory for describing the flow and 
distribution of water in soils is limited by lack of 
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reliable measured values of the soil-water properties 
that are used in the theory." 
Nielsen et (1962) caution that hysteresis can be a source 
of error in calculating diffuslvity. They also mention that 
Isothermal conditions are assumed and that the heat of wetting 
at the advancing wetting front should not always be assumed 
to have no effect. The manner in which the soil sample is 
wetted and the size of the pressure increment used to Induce 
outflow can affect the diffuslvity versus water content rela­
tion (Nielsen et al., 1962; and Davidson et al., I966), 
Gardner (1962) says that except in the vicinity of the 
plate, the water content, and hence the diffuslvity in a sample 
is fairly uniform with respect to distance from the plate; 
but Jackson et al. (I963) indicate that variation in diffus­
lvity and boundary impedance are both potential sources of 
error. 
Some workers (Lutz and Kemper, 1959; Miller and Low, 
1963; and Li, 1963) indicate that the failure of Darcy's law 
to hold true for the unsaturated samples is a cause of poor 
determinations. Olsen (I965) reviewed literature reporting 
such deviations and concluded that contamination in the bubble 
tube used to measure outflow in such cases could account for 
errors of the magnitude noted. To avoid this possible source 
of error, outflow measurement has become more sophisticated. 
As reported by Doerlng and Decker (1964), 
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"One method is to form the outflow into uniform drops and 
record the time of each drop falling. Such meters have 
used either the momentum of the drop to trip a spring 
loaded switch (Ivie and Richards, 1937)t the electrolytic 
conductance of the falling drop (Richards and Richards, 
1962), or the interruption of a light beam by the drop." 
Kimze and Peters (1964) developed a linear transducer to 
record initial surge arid outflow from the desorbing sample. 
Applying the Measurements to 
Estimating Infiltration 
The estimation of infiltration requires not only reliable 
or realistic water content-suction-diffusivity relations, but 
a working solution of the differential equation relating these 
parameters to infiltration. Philip presents in a series of 
papers (Philip, 19578, b, c, d, e; 1958a, b) a complete dis­
course relating infiltration to water flow theory. His 
iterative solution to equation (7) subject to the boundary 
conditions which follow in (8) allow for the estimation of 
infiltration into a semi-infinite, uniformly wet, column of 
soil (Philip. 1955). 
The boundary conditions are 
t = 0, X >0, e= 
(8) 
X = 0, t > 0, ©= ©o 
where is the antecedent water content, 0^ is the saturation 
water content, x is the depth, positive downward, and t is the 
time. By varying the initial and boundary conditions, Philip 
describes the vertical movement of water in hypothetical soils 
under many conditions. 
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Davidson et al. (1963) varied Philip's equation and 
calculated infiltration into a silt loam and sandy loam soil 
under a slight negative tension. Note that this involves a 
change in the second boundary condition (8), i.e., at x= 0, 
for all times, g = where is an arbitrary water con­
tent less that saturation, ©Q. Gupta and Staple (1964) also 
used Philip's equation and solution to predict infiltration 
into an air dry silt loam under a slight positive head. They 
found good agreement with measured values at the dry end of 
the wetting front, but the predicted zone of saturation was 
shorter than the measured zone. 
Hanks and Bowers (1962) present a finite difference method 
for solving the concentration dependent diffusion equation. 
Their solution affords wider application in that their method 
does not require that 
a) the soil be homogeneous in the vertical dimension, 
b) the soil depth be semi-infinite, or 
c) the initial water content be constant with depth. 
Taking advantage of the adaptability of this method. 
Green et (1964) estimated infiltration into two-layered 
systems and compared the results with field measured rates. 
Hanks (I965) points out that since infiltration is a wetting 
process, water content-suction-diffusivity relations should 
be determined by an absorption process. However, for most 
conditions. Green obtained better agreement between field 
measured and estimated infiltration rates by using desorption 
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determined diffusivity values. Nielsen et (1961) estimated 
infiltration into one of the same soils using a different 
solution to the diffusion equation and reported only moderate 
agreement with measured rates. 
A subsequent paper by Hanks and Bowers (1963) shows that 
variations in the water content-diffusivity relation in the 
wet range are quite important, whereas large variations in the 
dry range do not materially affect infiltration. 
Klute et al. (1965) use a numerical solution similar to 
that of Hanks and Bowers to estimate water flow in a horizontal 
soil column of finite length. 
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EXPERIMENTAL PROCEDUEES 
General Approach 
To determine the degree of variability of infiltration 
rates among the Ida silt loam soils and to account for the 
effect of crust formation on infiltration rates, a series of 
experimental procedures were used, beginning in the field, 
continuing in the laboratory, and terminating with computa­
tion on the electronic computer. 
Sites were selected where the soils might differ in 
infiltration rates if, in fact, such differences do exist. 
After examining maps of the Monona-Ida-Hamburg soil associa­
tion area (Oschwald et al., I965). county soils maps, and 
rainfall distribution patterns, the six general site areas 
shown in Figure 1 were selected. In five of the six areas 
(Akron, Moville, Logan, Glenwood, and Hamburg), the specific 
site was determined after conferring with the local Soil 
Conservation Service Work Unit Conservationist. His know­
ledge of the soils in his district, as well as the willingness 
of the landowner to let "some college man dig a bunch of holes 
in my field" was no small contribution to this study. The 
sixth site was located on the Western Iowa Experimental Farm 
near Castana, Iowa, not far from the location used by Green 
(1964) in a related, study. 
Results of laboratory determinations on samples from 
each site were used as input into the Hanks and Bowers (1962) 
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solution of the infiltration equation. Measurements of 
related physical properties were also made which help to 
characterize the soil at each site. Detailed profile descrip­
tions (Appendix A) more fully describe conditions existing at 
each site. 
Special laboratory procedures were used to sample and 
evaluate water flow in artificially formed crusts. Conduc­
tivity characteristics were inferred from physical properties 
and used as input into a modification of the Hanks and Bowers 
analysis to show the effect of a growing crust upon infiltra­
tion. 
Field Procedures 
Soil sampling 
A pit was dug at each site to facilitate describing the 
profile and sampling the soil horizons. After the horizons 
had been located and the profile descriptions written (see 
Appendix A), undisturbed core samples (7.6 cm, by 7,6 cm.) 
were taken from each horizon by the method of Uhland (19^9) 
for conductivity and bulk density measurements. 
Several smaller (5.3 cm. diameter by 6 cm. long) undis­
turbed core samples were also taken in each horizon^. Slices 
^Soil core sampler #200, Soil Moisture Equipment Co., 
3005 De La Vina Street, Santa Barbara, California. 
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(1 cm. long) from these cores were used to define the water 
characteristic at low suctions where structure was thought 
to materially affect water-holding capacity. 
Bag samples from comparable depths were also taken for 
determining water content versus suction relations at high 
suctions and for organic carbon and particle size analysis. 
Core samples not used immediately were left in the alum­
inum liners, treated with about 10 drops of formaldehyde to 
inhibit microbial activity, wrapped in plastic bags, and stored 
in pint sized ice cream cartons at less than 10°C. until need­
ed, Bag samples were air dried, ground to pass through a 2 mm. 
sieve, and stored. 
The samples used for crust formation consisted of spade-
sized clunks of moist soil taken from the plow layer and 
brought to the laboratory as nearly intact as possible. The 
moist samples were sieved through an 8 mm. screen and air 
dried before sealing in plastic bags for storage. These 
samples were later poured into the rainfall simulator pans 
(after being carefully split to assure uniformity) to repre­
sent a newly prepared seedbed surface for crust formation 
studies. 
Laboratory Procedure 
Bulk density 
Bulk densities for the six soils are shown in Table 1, 
Determinations were made on 7.6- by 7.6-cm. core samples 
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Table 1. Bulk density, organic carbon content, and particle 
size distribution for Ida silt loam at six locations 
Bulk Organic Particle size distribution 
Depth 
cm. 
density 
gm./cc. 
carbon 
% 
Clay 
% 
F. silt 
% 
C. silt 
% 
Sand 
% 
Akron 
5- 13 1.36 .78 23.6 23.2 44.7 9.4 
22- 30 1.42 .54 21.3 24.2 44.6 9.9 
50- 58 1.25 .22 22.1 23.9 47.6 6.4 
102-110 1.32 .24 21.7 24.5 - "48.0 5.8 
Gastana 
5- 13 1.22 . 66 17.9 24.0 45.9 12.2 
22- 30 1.26 .26 15.4 23.9 48.8 11.9 
50- 58 1.19 .23 17.6 21.1 52.3 9.0 
102-110 1.19 .19 17.6 23.8 49.7 8.9 
Glenwood 
5- 13 1.34 .76 21.5 21.6 46.2 10.7 
22- 30 1.20 .34 17.9 25.8 46.2 10.1 
50- 58 1.29 .22 16.3 26.2 48.0 9.5 
102-110 1.30 .15 17.6 26.1 48.5 7.7 
Hamburg 
5- 13 1.35 .30 20.9 24.1 48.0 7.0 
22- 30 1.21 .19 18.6 24.3 48.1 9.0 
50- 58 1.15 .18 17.7 21.6 50.6 10.1 
102-110 1.25 .18 17.6 23.0 50.2 9.2 
Logan 
5- 13 1.35 .99 25.1 25.5 44.0 5.4 
22- 30 1.41 .45 22.3 25.5 44.8 7.4 
50- 58 1.39 .22 19.4 28.2 45.5 6.9 
102-110 1.33 .18 20.4 26.5 46.9 6.2 
Moville 
5- 13 1.31 1.26 27.9 23.0 42.7 6.4 
22- 30 1.24 .94 27.9 25.4 39.7 7.0 
50- 58 1.21 .39 20.9 26.3 44.1 8.7 
102-110 1.49 .22 20.0 26.1 46.8 7.1 
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according to the method of Van Doren and Kllngehiel (1949). 
Particle size distribution 
The pipette method for mechanical analysis (Table 1) was 
used following the procedure described by Kilmer and Alexander 
(1949) except that sodium hexametaphosphate (Calgon) was used 
as the dispersant. Sizes were separated on the following 
basis; less than .002 mm, (clay)» .002 to ,02 mm, (fine silt), 
,02 to .05 mm. (coarse silt), and .05 to 2.0 mjn. (sand). 
Organic carbon 
The amount of organic carbon in each profile (Table 1) 
was determined by the method of Meblus (i960). 
Soil water characteristic 
Water content versus suction relations (Table 2) were 
determined at 0.1, 0.33# 1.0 bars using standard pressure 
cooker technique (Richards et al., 1954, method 29), while the 
pressure membrane method (Richards et method 31) was used 
to determine values at suctions of 3.0, 5.0, and 15.O bars. 
To retain the effect of the existing structure, the lower 
three points on the water content versus suction curve were 
determined on undisturbed samples. One-cm, long samples were 
made by sectioning with a sharp knife an undisturbed core 
encased in six 1-cm, long brass rings having a diameter of 
5.3 cm. 
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Table 2. Water holding capacity by volume) for Ida silt 
loam at six locations 
Depth 
cm. ÏÏ7l(5" 
bar 
0. 33 
bar 
1.0 
bar 
Suction 
375" 
bar 
TTïï' 
bar 
TJTÏÏ 
bar 
Akron 
5- 13 38.1 29.5 22.7 18.8 17.3 15.0 
22- 30 43.6 32.7 23.1 19.4 18.0 14.5 
50- 58 42.9 29.0 18.1 15.6 14.5 11.5 
102-110 47.8 29.3 20.9 17.0 16.1 13.2 
Castana 
5- 13 37.4 27.1 19.5 14.5 12.9 10.1 
22- 30 41.3 25.3 15.9 13.7 12.1 9.8 
50- 58 44.0 23.3 15.3 12.7 11.4 9.3 
102-110 46.2 25.8 16.4 12.7 11.4 9.2 
Glenwood 
5- 13 40.2 29,5 21.1 19.8 17.6 15.5 
22- 30 38.4 25.0 16.0 14.0 13.3 11.5 
50- 58 41.2 26.3 16.6 14.7 13.5 12.0 
102-110 50.8 33.2 20.0 15.3 14.3 12.3 
Hamburg 
5- 13 47.4 29.2 19.6 16.2 14.7 13.0 
22- 30 45.4 27.6 18.4 14.8 13.2 11.0 
50- 58 46.8 28.3 16.4 13.0 12.0 9.7 
102-110 51.5 33.4 18.0 14.5 13.1 10.6 
Logan 
5- 13 39.0 35.6 26.7 20.7 19.0 16.3 
22- 30 41.6 31.9 24.4 19.6 18.1 15.4 
50- 58 45.4 33.5 23.2 19.0 17.4 14.4 
102-110 43.8 33.4 24.3 17.3 16.0 12.6 
" Moville 
5- 13 39.2 32.2 26.6 23.1 20.8 18.8 
22- 30 39.4 31.1 21.7 18.8 17.4 14.6 
50- 58 33.7 28.7 20.3 16.8 15.2 13.4 
102-110 39.6 34.7 28.6 24.6 21.8 20.0 
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Since the effect of structural differences is quite small 
at higher pressures, the determinations at 3.0, ^.0, and 15.0 
bars were made on samples ground to pass a 2.0 mm. sieve. 
Capillary conductivity and water retention 
Water content-suction-conductivity relations were deter­
mined by the desorption method of Gardner (1956).as modified 
by Kunze and Kirkham (1962) .  
Soil cores (still in the aluminum sleeves) were wetted 
from the bottom and allowed to stand for nearly a week under 
saturating conditions (the surrounding free water surface was 
maintained level with the top of the 7.6 cm. sample) on the 
porous plate which formed the bottom of the pressure cell. 
The excess water (between the wall of the chamber and the wall 
of the sample sleeve) was then shiphoned off. Ten drops of 
formaldehyde were applied to the surface of the core^, the 
units were sealed, and 20 cm. water pressure was applied. 
The plates used had air entry values somewhat in excess 
of two bars which means that the impedance in the plate, rela­
tive to that in the soil, at very low suctions was too high 
^It has been shown that the formaldehyde does not appre­
ciably affect the surface tension of the water. 
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to allow for an accurate measurement of conductivity through 
the sample. As a result, the first one or two desorption 
steps gave questionable diffusivity values. 
Air temperature control during desorption was usually 
maintained at 22^C. However, failure of the air cooling 
system allowed the temperature to rise as much as 5°C, upon 
occasion for several hours—the exact effect of which is 
unknown. 
Air which had diffused through and collected underneath 
the plate was forced out of the system by circulating the 
water from the burette (where the amount of outflow was indi­
cated), through the rubber tubing (which connected the bottom 
of the burette to the chamber beneath the porous plate), and 
back into the burette where the bubbles escaped. A revolving 
disk pump (Kunze and Kirkham, 1962) which slips onto the rubber 
tubing gave the desired circulation. 
The size of each new pressure step was determined by 
estimating from previous outflow the increase in pressure 
needed to give between 5 and 10 ml. outflow. Therefore, the 
size of each step was variable and the flow characteristics 
determined the total number of steps needed to desorb up to 
two bars. 
After the final equilibrium had been reached, the cores 
were weighed to determine their end-of-run water content. By 
adding to the final water content the outflow from each pre­
vious desorption step, the water content corresponding to each 
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calculated diffusivity was determined; thus giving the desired 
water content-suction-diffusivity relationships. 
Crust formation 
A simulated seedbed surface was prepared by spreading a 
5-cm. layer of air dry, less than 8 mm. sieved sample over 
15 cm. of greenhouse sand in the rainfall simulator pans de­
scribed by Moldenhauer and Long (1964) and Mutchler and Molden-
hauer (I963). Thirty minutes after the onset of simulated 
rainfall, the back (upslope) one-third of the pan was covered 
and protected from all effects of subsequent rainfall. After 
one hour of exposure, the middle one-third of the pan was 
similarly covered. The simulated rainfall was continued for 
another 30 minutes which gave a total exposure on the front 
one-third of 90 minutes. 
For identification purposes, these three exposure treat­
ments will be subsequently designated by the number of minutes 
exposed, preceded by the first letter of the site name of the 
soil being described, i.e., A-30 and C-60 being the 30-mlnute 
treatment on the soil from Akron, Iowa and the 60-minute 
treatment on the soil from Castana, Iowa, respectively. 
The surface slope was maintained at 9 percent and the 
simulated rainfall was applied at an intensity between 6.85 
and 7-00 cm. per hour with an average drop diameter of 4.87 mm. 
The drops fell approximately three meters and therefore had 
about the same energy per unit area when they reached the 
surface as do many drops in a natural rainstorm (Ekern, 1950; 
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Gunn and Kinzer, 1949). 
Two 12-lnch oscillating fans were directed toward the 
falling drops from opposite sides of the simulator to help 
randomize the drop pattern on the soil surface and to increase 
the heterogeneity of drop shape which, according to Blanchard 
(1948), makes them more nearly like natural raindrops. 
Crust sampling 
The crust sanç)ling technique was developed on a trial 
and error basis. 
The sanrples consisted of soil disks 0,5 cm, high and 5» 3 
cm, in diameter. The top of the sample was the surface of 
the soil, the smoothness of which was determined by the soil 
physical properties and the rainfall treatments. The sample 
filled the bottom half of a 1-cm, high brass ring that had 
been pushed into the surface of the crust behind a similar 
ring that had its leading edge beveled from the outside to 
form a sharp cutting edge. The ring which contained the crust 
sample, or disk, was aligned squarely atop the cutter by three 
brass tabs brazed to the outside of the cutter ring and ex­
tending upward for nearly 1 cm. The ring which would contain 
the sançile was set in position inside the three tabs and seated 
directly on top of the cutter ring before the combination 
cutter ring and sample ring were pressed into the crust sur­
face , 
This assembly was then pushed down vertically into the 
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crust surface with the aid of a sample guide, which was a 
clear lucite cylinder, the bottom 0,5 cm. of which was approx­
imately 5.25 cm. in diameter. Except for the bottom 0,5 cm. 
of the sample guide, which fits inside the sample ring, the 
diameter of the cylinder was that of the outside of the brass 
sample rings—approximately 5.7 cm. This construction was 
such that when the bottom of the sample guide was set into the 
top of the sample ring and the entire assemblage was pressed 
into a flat soil surface until the soil surface came in con­
tact with the bottom face of the sample guide, exactly 0.5 
cm, of crust would fill the bottom half of the sample ring. 
The entire assemblage with the enclosed soil is removed 
from the soil pan intact in the following manner: First, with 
a narrow spatula, cut completely around the outside of the 
ring to a depth of approximately 2 cm. Then with a pancake 
turner or similar type spatula, lift the entire assemblage 
and undisturbed soil within free from the surface and invert 
it, the weight then being supported by the upside-down sample 
guide. If the top end of the sample guide is flat and paral-
led with the bottom end, the inverted assemblage can be set 
on a table or bench for removal of the cutter ring and sample 
trimming. 
The cutter ring can be lifted directly up, leaving the 
inverted 0,5 cm. crust sample within what is now the upper 
half of the sample ring. The bottom of the sample can be 
trimmed with a sharp straight-edged knife to a flat surface 
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defined by the sanç)le ring itself. Once smoothed, the samples 
(still in the brass rings) can be stored in cans until needed 
or placed directly on experimental apparatus. 
Bulk density of moist crusts 
Moist bulk density values of the crust samples were 
needed to convert the measured water contents by weight to 
percent water by volume. The method used is similar to one 
developed by Voorhees et al. (1966) in which the volume of 
the crust sample is determined by displacement of glass beads^. 
A container having a known volume was carefully filled 
with beads while a controlled and standardized system of tap­
ping furthered the uniform settling of the beads. The excess 
of beads, above the top of the cylindrical container, was 
carefully removed and the total weight was determined. If 
the container has been filled with beads only, the following 
relationship exists. 
Bead density -
With a crust sample included, its volume is given as 
Crust volume = container volume - of beads 
bead density 
If the weight of the crust sample is known, its bulk density 
is then given by the following relationship. 
^Microbeads Division of Cataphote Corporation, Jackson 
5, Mississippi. Glas-shot beads MS-L, average diameter~59 
microns, range 74-44 microns. 
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crust density = 
Samples used for density determinations were made by 
cutting the round disk crust samples into pie-shaped thirds. 
Each third was immediately sprayed with a thin, clear, coating 
of plastic-like sealer^—the type used by artists to fix draw­
ings. The coating, which was shown to add no significant 
weight or volume increase to the sample, served two purposes : 
a) it reduced the evaporation from the sample, maintain­
ing the constant weight of the moist sample, and 
b) it presented a dry exterior on the sample which allowed 
the glass beads to flow, unaffected by the water in 
the crust sample. 
The volume of the container was precisely determined by 
dividing the weight of mercury required to exactly fill'it by 
the density of mercury, 13.546 gm./cc. The glass beads were 
washed to remove any impurities, oven dried, passed through a 
100 mesh sieve to separate any cluaçjs, and stored in 150 ml. 
beakers in a dessicator until needed. 
Glass bead density was assessed at regular intervals 
during the crust density determinations. With these precau­
tions the standard error for crust density (4 replications) 
was never larger than 0.02 and for beads only, with as many as 
seven replications, 0.002. 
^Krylon crystal clear spray coating No. 13034. Krylon, 
Inc., Nortistown, Pa. 
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A check of accuracy as well as precision was made by 
determining the density of a plastic disk (approximately the 
same size as the crust density samples) by the glass bead 
method and by mercury displacement. Three determinations by 
the glass bead method gave an average density of 1,187 gm./cc. 
with a standard error of 0.019; while by mercury displacement, 
the density was determined as 1.179 gm./cc. 
Saturated conductivity of crusts 
Saturated conductivity for crust samples was determined 
using a falling head technique and the relation 
where K is conductivity, Q/at is quantity of flow per unit 
area per unit time, L is sample length, and 4H is the change 
in head. Water was introduced to the sangle from below to 
minimize air entrapment and insure the saturated conditions 
in which K in (9) becomes K (sat). The time required to pass 
a standard amount of water through each sample determined 
K(sat) since all other factors were held constant. 
Water characteristic of crusts 
The water content versus suction relation for crusts was 
determined by the outflow method using a hanging water column 
to define the equilibrium suctions. Outflow from five samples 
was combined to give measurable quantities for suctions of 5» 
10, 15, 25, 40, 65, 100, and 150 cm. of water. The samples 
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were saturated from below on Buechner funnels having plate air 
entry values of approximately 200 cm. water suction and outflow 
was measured in 2 ml. graduated pipettes, Extron tubing^, be­
tween the Buechner funnels and the pipettes, and Saran, held 
over the top of the funnels by rubber bands, minimized evapora­
tion losses. 
Computational Procedures 
Calculating infiltration into a two-layered system 
Hanks and Bowers (1962) developed a computer program to 
effect the calculations necessary for the numerical solution 
of the infiltration equation. The partial differential equa­
tion (3) describing water movement in soils was replaced by 
an approximating difference equation which represents the 
continuous function with a series of discrete points in the 
region defined by the boundary conditions (8). The problem 
was thus reduced to the simultaneous solution of a system of 
algebraic equations. 
The finite difference approximation of 
^ ^  
which is equation (3) in the literature review, is given as: 
^Extron Corporation, 3^00 Pleasant Ridge Eoad, Knoxville 
21, Tennessee. Polyurethane Elastomer (EXTANE) 1/4" OD. 
Evaporation losses from this tubing were shown to be 1/2 that 
from 1/4" Tygon tubing. 
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GI..1 , 
AT 
%-l/2,] 1 /oCi-l.-l-l + +2G _ Vl.j-l - »1.J) 
9 / T \ 2 2(4 x) 
(10) 
-Kl+1/2,3-1/2 (V .^J-1 + VL.J - VL+L,J-L - 4^+1,J) 
2iAx)^ 
where (/f is the suction, K is the conductivity, G is the effect 
of gravity, t is time, x is distance, and the subscripts "1" 
and "j" refer to distance and time, respectively. 
To evaluate infiltration based on measured soil character­
istics, the left hand side of equation (10) was replaced by 
under the assumptions of a unique water content-suction iViS) ) 
relation. 
The conductivity (Ki_i/2,j_i/2) In the right hand side 
of (10) was replaced by 
since calculated results were better when D was used rather 
than the similar expression in K (Hanks and Bowers, 1962). 
-  P l , j - 1  f d ®  ]  
At l , j - l / 2  
where 
H-I/z.3-1 *1-1.1-1 
r i — l 7 j - l —  ^ i , j — 1  
3 ï - l , j - l  
°i-l/2,j-1 
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Cumulative infiltration (CI) at time j is given by 
n n 
CI. = C a , (4%) - C e, _ (4%) 
J i=l - 1=1 l'O 
which merely states that cumulative infiltration is the amount 
of water in the profile at the time in question minus the 
initial water content. 
The average infiltration rate (I) over the time interval 
j is computed as 
IJ-1/2 = 2  ^ "1/2, J-1/2 
Note that the "i" (depth) subscripts are either 0,1, or 1/2, 
reflecting that infiltration is, indeed, a surface phenomenon. 
Conductivity across the boundary between Soil I and Soil 
II (Soil I represents the plow layer. Soil II, the less dis­
turbed soil below) is estimated by 
^boundary = 
where Kj (or II) is the conductivity assuming that both soils 
had the properties of Soil I (or II). For this Kboundary 
be realistic, the boundary between the two soil layers must 
be at the midpoint of some "i" depth interval. In this study 
15 cm., a normal depth of plowing, was used as the boundary. 
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Determining dlffuslvlty for crusts 
The Brooks and Corey (196^) method of determining dlffus­
lvlty relationships requires a knowledge of three parameters, 
all of which are obtained from the water content versus suc­
tion curve. These parameters are; Sp, the residual satura­
tion or non-drainable water content; P^, the bubbling pressure; 
and L, the pore size distribution index. 
The first estimate of 8^ is selected as the value of 
percent saturation (S) where the S versus y curve becomes 
asymptotic. The 8^ so determined is then used in the follow­
ing equation to calculate Sg, the effective saturation. 
SG = (8-SR) / (1-SP) 
If the estimate of is correct, a log-log plot of Sg 
versus y will result in a straight line for all values of 
Sg greater than P^, the extrapolated intercept with Sg = 1.0. 
The tail of the curve will veer up or down if the estimated 
Sj. is too low or too high, respectively. 
The relative conductivity K^, is calculated from the 
equation 
2+3L 
Kp = (Sg) L 
where L is the negative slope of the Sg versus v' relation. 
The effective conductivity (K ) is related to K_ through 
the saturated conductivity Kg as follows. 
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KE = %T ' KS 
The diffusivity for any value of S can then be obtained 
by dividing Kg by the slope of the water content versus suc­
tion curve. 
Calculating infiltration through crusts 
The Hanks and Bowers (1962) solution to the infiltration 
problem was modified as follows to account for the effect of 
a developing crust upon infiltration. 
a) The number of depth increments above Soil II was 
changed from 8 to 2. 
b) The length of each depth increment was changed from 
2.0 cm. to 0.33 cm. 
c) The suction and diffusivity arrays for Soil I were 
progressively replaced by data obtained from crusts 
that had been exposed to increasing amounts of rain­
fall. 
Table 3 shows how the crust-influenced profile differs 
from the non-crusted profile. Changing the number and length 
of depth increments (a and b, above) involved adjusting vari­
ables used by Hanks and Bowers (I963)  and Green et al. (1964);  
whereas, the third listed change (c), involved the introduction 
of a previously uninstrumented concept, i.e., varying the 
source of water content-tension-diffuslvity relations with 
time (Table 3). 
Table 3» Characteristics of hypothetical profiles used in computer solution of 
infiltration 
Profile and layer Length of 
increment 
cm. 
Number of 
increments 
Depth 
cm. 
Input source 
Crust Soil I 2.0 7.5 15.0 core from 5-13 cm. depth 
not 
considered Soil II 2.0 12.5 25.0 core from 22-30 cm. depth 
Crust Soil I 0 .33  1.5 0.50 variable®' 
considered 
Soil II 0 .33  58.5 19.30 core from 5-13 cm. depth 
^Input source for Soil I when crust is evaluated as follows; 
time less than 15 minutes core from 5-X3 cm. 
time between 15 and 45 minutes ... 30-minute crust 
time between 45 and 75 minutes ... 60-mlnute crust 
time greater than 75 minutes 90-mlnute crust 
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RESULTS AND DISCUSSION 
Physical Properties of the Profiles 
Ida silt loam is a loess derived Regosol occurring on 
narrow-ridge tops and steep side slopes in Western Iowa, The 
surface is usually grayish-brown, quite friable, and often 
calcareous with exposed carbonate concretions. Water moves 
down freely through the profile, and there is no evidence of 
clay accumulation. 
The bulk density near the surface reflects the effect 
of tillage but is quite uniform at greater depths (Table 1). 
The high density value at 110 cm, of depth at the Moville 
site reflects a transition between the undisturbed loess above 
and what appears to be water-worked silts below. 
Organic carbon content decreases sharply with depth in all 
profiles. Variation among sites may be related to recent 
erosion processes. The Moville site (highest organic carbon 
content) is located just below the crest of a low ridge, where­
as, the Hamburg site (lowest organic carbon content) is located 
lower on a much longer slope. 
The high silt content at all sites (65.7 percent minimum) 
reflects the nature of the parent material. Clay content at 
the surface ranged from 17.9 percent at Castana to 27,9 per­
cent at Moville. The sand contents are affected by concre­
tions as noted in the profile descriptions (Appendix A). 
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Water holding capacities are given in Table.2. At 0,1 
bar water holding capacity is less in the surface horizons 
than at 102 cm, depth; whereas, at 15 bars this trend is 
reversed. The higher organic matter content and the increase 
in non-capillary porosity resulting from tillage operations 
and Increased biological activity near the surface may account 
for the reversal. The amount of water held between O.33 and 
15.0 bars varies between 13.4 percent in the Moville surface 
(highest clay content) and 22.8 percent in the €3 horizon at 
the Hamburg site (lowest clay content). 
Water Content-Suction-Diffusivity Relations 
for 2-Layered System 
The numerical solution to the infiltration equation 
presented by Hanks and Bowers (1962) requires a knowledge 
of the water content-suction P'(e) and the water content-
diffusivity BiO) relation. The desorption technique of Kunze 
and Kirkham (1962) for determining capillary conductivity 
allows for the determination of both relationships. 
Figures 2 through 7 show how water content varies with 
suction in six Ida silt loams. The data points represent 
equilibrium positions on the stepwise desorption cycle for 
each undisturbed sample. Since the mathematical solution 
requires a unique (/(») relation, the absorption cycle and 
hysteresis were not evaluated. 
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Figure 2. Water content versus suction relations for Ida silt loam (Akron site) 
for two undisturbed cores and for crust samples exposed for 30-, 60-, 
and 90-mlnutes of simulated rainfall. 
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Figure 3. Water content versus relations for Ida silt loam (Castana site) for 
two undisturbed cores and for crust samples exposed to 30, 60, and 90 
minutes of simulated rainfall. 
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Figure 4. Water content versus suction relations for Ida silt loam (Glenwood site) 
for two undisturbed cores and for crust samples exposed for 30, 60, and 
90 minutes of simulated rainfall. 
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Figure 5. Water content versus suction relations for Ida silt loam {Hamburg site) 
for two undisturbed cores and for crust samples exposed for 30, 60, and 
90 minutes of simulated rainfall. 
0-2;L-5" DEPTH 
O -9—12'DEPTH 
L - 90 min. 
L "60 min. 
L - 30 min. 
SUCTION (cm HgO) 
Figure 6. Water content versus suction relations for Ida silt loam (Logan site) 
for two undisturbed cores and for crust samples exposed for 30» 60, and 
90 minutes of simulated rainfall. 
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Figure 7. Mater content versus suction relations for Ida sllt loam (Movllle site) 
for two undisturbed cores and for crust samples exposed for 30, 60, and 
90 minutes of simulated rainfall. 
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Beginning with at 1 cm, suction, a smooth curve was 
drawn through the data points to enable the evaluation of the 
V{9) relation at integar percent values of &, Where necessary, 
the dry end of the curve was extrapolated to e= 19 percent, 
1 percent less than the dry antecedent moisture conditions 
assumed. Hanks and Bowers (1963) point out that large varia­
tions in and D(^) at the dry end have little effect upon 
estimated infiltration. 
Diffusivity as a function of water content for the same 
soils is shown in Figures 8 through 13, Extrapolation at the 
dry end of the curve is justified as before; however, the lack 
of data points at the wet end of the curve should be definitely 
be noted. The dependence of estimated infiltration upon D(0) 
in this range justifies the following comments. 
There are two ways in which diffusivity values in the 
near-saturation range may be determined. However, both methods 
have strong limitations which preclude their usage here. 
Green (1964) used a low impedance membrane (millipore) to 
determine diffusivity relations at low suctions. However, his 
D(©) curves represent an average Ida silt loam and are derived 
from selected data from 12 cores. A single core sample could 
be desorbed to 100 cm. suction on millipore, transferred to a 
ceramic plate, resaturated, and then desorbed to 2 bars to 
give D(©) over the entire needed range; however, the mechanics 
of transferring the core from one membrane to the other and 
the unknown effect of desorbing, rewetting, and desorbing again 
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90-minute crusts (Akron site). 
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would make the results uncertain. If one core were used to 
give values at the wet end and another core used with high 
suctions, differences in porosity and density could cause a 
discontinuity where the two curves should meet, 
D(0) for the entire range could be inferred from the 
water content versus suction relation as described by Brooks 
and Corey (1964). However, the diffusivity values in this 
case are a direct function of the saturated conductivity of 
the same core from which the y(e) relation was determined. 
The fourfold differences in Kg^t & 24-hour period which 
have been measured at the end of a desorption cycle, make 
dependent D values questionable. 
With these limitations in mind, a smooth curve was drawn 
through the existing data points and extrapolated from the 
first data point to the saturation water content to form the 
D(0) relation used to characterize each sample. 
Estimating Infiltration into a Regular 2-Layered System^ 
The Hanks and Bowers (1962) solution to the infiltration 
problem assumes a 2-layered vertical system divided into a 
finite number of uniformly thick layers, within which the 
^"Regular 2-layered system" indicates the profile used 
to represent normal field conditions, i.e.. Soil I represents 
a 15 cm. thick plow layer. Soil II represents a 25 cm. thick 
sub-plow layer horizon. Crust influenced infiltration is 
also estimated from a 2-layered system but will be denoted by 
the word "crust". 
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water content-suction-diffusivity relations define the down­
ward movement of water. Water moves through a given layer or 
increment as a result of the total potential difference across 
the increment and at a rate defined by the capillary conductiv­
ity or diffusivity of the unit at the existing water content. 
Water enters the top increment from a theoretical free water 
source at the surface and moves into and through the lower 
layers toward regions of higher capillary potential. 
The water content-suction-diffusivity relations for the 
uppermost (L - 1)^ increments of each profile (Soil I) were 
determined by stepwise desorption of an undisturbed sample 
taken at 5 to 13 cm. depth. Water flow characteristics for 
the entire plow layer are inferred from these data. Plow 
below the plow layer (Soil II) is defined by water content-
suction-diffusivity relations determined on a similar sample 
from 22 to 30 cm. depth. 
To correlate the boundary between Soil I and Soil II 
with normal field conditions, L was arbitrarily set at eight 
and delta x, the thickness of each increment, 2 cm. The 
computer program defines the soil boundary at the midpoint of 
the L th increment, which for this case, is at 15 cm. of depth 
(Table 3). 
is a computer parameter which defines the boundary 
between the upper and lower layers (Soil I and Soil II) of 
the hypothetical profile. 
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The entire computer program is given in Appendix B. 
Estimated infiltration rates for Ida silt loam from six 
sites under two antecedent moisture conditions are given in 
Figures l4 through 19. The dry antecedent conditions indicate 
infiltration into profiles that were initially at 20 percent 
water content by volume, whereas, the water content at 330 cm. 
suction (1/3 bar) was used as the initial conditions for the 
wet runs. 
Cumulative infiltration after two hours under dry antece­
dent conditions ranged from 4.9 cm. for the Moville site to 
less than 2.6 cm. for Hamburg. Under wet antecedent condi­
tions, the Moville soil accumulated nearly 4.5 cm. and again, 
the Hamburg site was lowest with 2.1 cm. Near-equilibrium 
infiltration rates were highest for the Moville site (2.35 cm. 
per hr. dry, 2.20 cm. per hr. wet) and lowest for the Hamburg 
site (1.05 cm. per hr. dry) and Glenwood site (0.75 cm. per 
hr. wet). 
The soils tended to reach an equilibrium rate quicker 
under wet antecedent conditions than under dry. The wet and 
dry near-equilibrium rates were quite similar for the Moville 
soil (2.35 cm. per hr. and 2.20 cm. per hr.) but were 1.15 cm. 
per hr. dry, and 0.75 cm. per hr. wet at the Glenwood site. 
Other researchers report similar infiltration rates for 
Ida silt loam. Moldenhauer and Wischmeier (196O) measured 
runoff from 88 recorded storms over a 10-year period and cal­
culated infiltration rates of about 1 cm. per hr. at 60 
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Figure 14. Cumulative infiltration (increasing) and infiltration rate (decreasing) 
into Ida silt loam (Akron site) for dry and wet antecedent moisutre 
conditions. 
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Figure 15. Cumulative infiltration (increasing) and infiltration rate (decreasing) 
into Ida silt loam (Castana site) for dry and wet antecedent moisture 
conditions. 
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Figure 16. Cumulative Infiltration (Increasing) and Infiltration rate (decreasing) 
Into Ida silt loam (Glenwood site) for dry and wet antecedent moisture 
conditions. 
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Figure 17. Cumulative infiltration (increasing) and infiltration rate (decreasing) 
into Ida silt loam (Hamburg site) for dry and wet antecedent moisture 
conditions. 
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Figure 18. Cumulative infiltration (increasing) and infiltration rate (decreasing) 
into Ida silt loam (Logan site) for dry and wet antecedent moisutre 
conditions. 
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Figure 19. Cumulative infiltration (increasing) and infiltration rate (decreasing) 
into Ida silt loam (Moville site) for dry and wet antecedent moisture 
conditions. 
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minutes and about 0,75 cm. per hr. at two hours. Green et al. 
(1964) used the Hanks and Bowers (1962) numerical solution to 
the infiltration equation and calculated near-equilibrium 
infiltration rates of 3 cm. per hr, into a dry profile and 
about 2 cm. per hr. into the same soil Initially wet. The 
calculated rates agreed well with field measured rates. 
Palmer used a portable sprinkling infiltrometer (Bertrand 
and Parr, 1961) to measure infiltration into Ida silt loam 
under fallow and sod surface conditions. Near-equilibrium 
rates ranged from 1 cm, per hr, into a moist fallow surface 
to nearly 6 cm, per hr, into an initially dry sod covered 
surface,^ 
Variation between equilibrium infiltration rates for wet 
and dry antecedent moisture conditions for a given soil are 
believed due to differences in suction gradients at the wet­
ting front. As water moves into the dry profile, the strong 
gradient at the wetting front, acting through the associated 
conductivity coefficient, defines the demand for water intake 
through the surface. When the soil is initially moist, the 
suction gradient at the wetting front is not as strong and the 
demand for water from above is consequently less. 
Although the nearly saturated zone between the wetting 
front and the surface transmits water readily, it has a con-
Ipalmer, Robert G,, Ames, Iowa, Unpublished field notes. 
Private communication. 1962. 
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ductivity capacity defined by its porosity characteristics 
and therefore offers more or less resistance to the downward 
flow. As the wetting front pushes deeper, this path of 
resistance gets longer and more significantly affects the 
infiltration rate. The equilibrium infiltration rates into 
wet and dry antecedent moisture profiles will therefore have 
the same value only when the wetting front has advanced to a 
depth such that the resistance to flow in the transmission 
zone masks the effect of the different wetting front gradients. 
The exact depth and time at which this depth is reached will, 
of course, vary among soils. 
Cumulative infiltration at two hours correlates well 
with the near-equilibrium rates established by that time. The 
sites which accumulate the most water have the highest infil­
tration rates, and accumulation and equilibrium rates are both 
higher under dry than wet antecedent conditions. 
Lower cumulative infiltration under wet antecedent condi­
tions may be related to two conditions: 
a) the equilibrium rate, which controls the slope of the 
straight tail of the cumulative infiltration curve; and 
b) the deviation between the wet and dry infiltration rate 
curves at times prior to the establishment of an 
equilibrium rate, which causes deviations in cumula­
tive infiltration at small times. 
The Moville soil, for example, has nearly parallel cumulative 
infiltration curves due to the similar equilibrium rates and 
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small deviations in earlier rates (Figure 19). Comparable 
curves for the Glenwood site, however, are far apart due to 
the higher infiltration rate into the dry soil at small times 
and the lower equilibrium rate under wet antecedent conditions 
(Figure 16), 
The infiltration rate decreases with time even though 
the conductivity factor becomes larger as the water content 
near the surface increases. This apparent inconsistency 
results from the strong decrease in potential or driving 
force which accompanies wetting. Initially, the dry surface 
layer has a very low conductivity value associated with its 
low water content ; but that low conductivity, combined with 
the very high gradient (suction), results in a high infiltra­
tion rate. As the surface layer gets wetter, larger pores 
fill and take part in water transport. But the decrease in 
potential, which accompanies wetting, more than offsets the 
increase in the conductivity factor and lower infiltration 
rates prevail. 
As noted by Youngs (1964), when the surface of a vertical 
column initially at a uniform low water content is maintained 
at saturation, the suction gradient at the surface approaches 
0 cm. as the water content below the surface nears saturation. 
Since the only potential gradient then causing flow near the 
surface is that of gravity, the rate of flow through the 
surface becomes the hydraulic conductivity of the saturated 
soil. 
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As shoTfln in Figures 20 and 21, the near-equilibrium infil­
tration rates for these soils are higher than their correspond­
ing saturated conductivities. This condition may be due to 
failure of completely saturated conditions to develop in the 
surface layer; that is, suction as well as gravity is affect­
ing water movement. 
The tendency of the measured values in Figures 20 and 21 
to fall on a straight line indicates the dependence of cumula­
tive infiltration and the infiltration rate upon the saturated 
conductivity of the surface. As expected, agreement is better 
under wet antecedent moisture conditions than under dry, since 
the surface approaches saturation quicker when the soil is 
initially moist. Therefore, water entry and movement at less 
than saturation conditions contribute relatively more to the 
cumulative infiltration under dry antecedent moisture condi­
tions. 
Effect of Crusting upon Infiltration 
General procedure 
-Water content-suction-diffusivity relations were deter­
mined for crusts exposed to 30, 60, and 90 minutes of simulated 
rainfall and introduced into the computer solution of infil­
tration at times consistent with rainfall applied. Infiltra­
tion was calculated with the surface 0,5 cm, (Soil I) repre­
sented as follows. 
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Figure 20. Estimated cumulative infiltration and 
infiltration rate versus saturated con­
ductivity of the surface layer for six 
Ida silt loams under dry antecedent 
moisture conditions. 
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Figure 21. Estimated cumulative infiltration and 
infiltration rate versus saturated 
conductivity of the surface layer for 
six Ida silt loams under wet antecedent 
moisture conditions. 
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a) time 0-15 mln. W-f-D relations from undisturbed 
cores taken at 5 to 13 cm. of depth 
b) time 15-^5 min. y-e-D relations from crusts exposed 
to 30 minutes of simulated rainfall 
c) time 45-75 min. V-*-D relations from crusts exposed 
to 60 minutes of simulated rainfall 
d) time 75-120 min. y-*-D relations from crusts exposed 
to 90 minutes of simulated rainfall 
Water characteristic for crusts 
Water content-suction relations for crusts exposed to 
30, 60, and 90 minutes of simulated rainfall are given in 
Figures 22, 23, and 24. 
The 30-minute treatment retained the lowest water content 
at 0 suction in all cases. The 60-minute treatment lies to the 
right of the 30-minute treatment, indicating a higher water 
holding capacity at all measured suctions. This trend is 
continued with the 90-minute treatment in four of the soils; 
however, at the Hamburg and Moville sites, the 90-minute treat­
ment was intermediate to the other two treatments for suctions 
greater than 0 cm, H2O. 
The inconsistency noted above could be caused by a change 
in the relative importance of two opposing effects. 
With increased exposure to raindrop energy, bulk density 
increases (Tackett and Pearson, 19^5) and therefore, total 
porosity decreases. If the crusts were completely saturated 
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Figure 22. Water content-suction relations of 0.5 cm. thick crusts of Ida silt 
loam (Akron and Castana sites) exposed to 30, 60, and 90 minutes of 
simulated rainfall. 
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Figure 23. Water content-suction relations of 0.5 cm. thick crusts of Ida silt 
loam (Glenwood and Hamburg sites) exposed to 30, 60, and 90 minutes 
of simulated rainfall. 
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Figure 24. Water content-suction relations of 0.5 cm. thick crusts of Ida silt 
loam (Logan aund Moville sites) exposed to 30, 60, and 90 minutes of 
simulated rainfall. 
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at 0 suction (no air-filled porosity), the water contents at 
0 suction would be highest in the 30-minute treatments and 
lowest in the 90-minute treatments. 
Since the reverse of this relation was found to exist, 
incomplete saturation was indicated. As indicated by Mclntyre 
(1958b), the rainfall treatments also reduce the average 
aggregate size by breaking, slaking, dispersing, and compact­
ing soil particles, Voorhees et al. (1966) found that the 
volume fraction of air at any given water content increases 
with aggregate diameter. In other words, more air is entrapped 
during the wetting process by large aggregates than by small 
aggregates, 
Apparently this second factor, incomplete saturation, is 
more important over the range of exposure treatments studied. 
However, the effect of bulk density in more severe treatments 
must become relatively more important, since total porosity 
limits water-filled porosity. 
The flat part of the water content-suction surves (see 
G-30, Figure 23) indicates the presence of large pores which 
drain at low suctions; whereas, the straight portion at higher 
suctions results from the nearly uniform pore volume being 
drained with subsequent increases in suction. 
Bulk density of crusts 
The effect of simulated rainfall upon the bulk density of 
0.5 cm. thick crust samples is shown in Figure 25. Densities 
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Figure 25. The effect of simulated rainfall upon the moist 
bulk density of surface crusts of six Ida silt 
loams at moisture contents slightly wetter than 
field capacity. 
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were determined at water contents corresponding to I50 cm. 
H2O suction to enable the conversion of the water character­
istic from a gravametric to a volumetric basis (Figures 22, 
23, and 24). Shrinkage, which accompanies drying (Voorhees 
et al. 1966), preclues the use of dry bulk densities for this 
conversion. 
Dry crust densities reported by Free (1952), Mclntyre 
(1958a). Duley (1940), Lemos and Lutz (1957). and Tackett 
and Pearson (1965) are 20 to 40 percent higher than those 
shown in Figure 25 and result from the vertical collapse of 
the loosened surface material which takes place as the soil 
crust dries (Mclntyre, 1958b). Voorhees et al. I966) report 
a 50 percent decrease in porosity upon desorption of aggregates 
from saturation to air dry, which indicates that wet crust 
samples, too, may be much less dense than dry ones. 
The increase in bulk density with exposure to rainfall is 
due to increased compaction from drop impact (Mclntyre, 1958b 
and Neal and Baver, 1937). 
Saturated conductivity of crusts 
The saturated conductivity, Kg^t* the surface 0.5 cm. 
decreases with increased exposure to simulated rainfall 
(Figure 26) and is affected by the same factors which cause 
the increase in bulk density with increased exposure (Figure 
25). As rainfall increases, more aggregate breakdown and 
dispersion takes place and pores become more and more occluded; 
thereby reducing conductivity. 
77 
.20 
CASTA NA 
1.00 
.90 
.80 
.70 
MOVILLE 
-AKRON — 
GLEN WOO 
.60 
.40-LOGAN 
.30 
HAMBURG 
.20 
90 30 60 
EXPOSURE TIME (min.) 
Figure 26. The effect of simulated rainfall upon saturated 
conductivity of surface crusts of Ida silt loams 
from six locations. 
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The wide range in saturated conductivity after 30 minutes 
of exposure indicates the variability among soils to withstand 
the force of drop impact. After only 30 minutes of exposure, 
the saturated conductivity of the Hamburg soil had been reduced 
to 0.22 cm, per hr. and application of rainfall for 60 minutes 
more reduced K(sat) only slightly. The Castana soil, however, 
suffered considerable aggregate breakdown, dispersion, and 
compaction after 30 minutes of exposure, as evidenced by the 
strong drop in K(sat) at 60 and even 90 minutes. 
Variability in saturated conductivity among soils is much 
less after 60 minutes of exposure and is reduced even further 
after 90 minutes. Therefore, if the saturated conductivity 
of the surface crust completely governed infiltration, most of 
the soil to soil variation in cumulative infiltration would 
be due to differences in infiltration rates at small times. 
The wide range of near-equilibrium infiltration rates reported 
imply, then, that completely saturated conditions do not 
develop in a surface crust underlain by more permeable material. 
Water content-suction-diffuslvity relations for crusts 
The theory of Brooks and Corey (1964) and a computer 
program by Kunze^ were used to calculate the relationships of 
water content-suetion (Figures 2 through 7) and water content-
diffusivlty (Figures 8 through 13) for crusts. 
The Brooks and Corey analysis, adapted from flow in rigid 
media (sandstones), assumes an exponential relation between V 
^Kunze, Dr. R. J., East Lansing, Michigan. Computer pro­
gram Kunze 4. Private communication. I965. 
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and ô for all values of 6 greater than the bubbling pressure 
of the medium. However, Kunze found that most y-g relations 
for medium textured soils could be better represented by two 
exponential relations, one to approximate the curve near the 
bubbling pressure, and another to describe the relation at all 
higher water contents. Therefore, the wet end of the calcu­
lated v-Q relations reflect Kunze's modification of the Brooks 
and Corey analysis. 
The y(e) curves for crusts shown in Figures 2 through 7 
have been further modified to facilitate presentation. The 
calculated curves are sigmoid, having inflection points in the 
30 to 40 percent water content range, and span eight or more 
log-cycles. For this study, the dry end of each calculated 
4/(0) curve was replaced by a tangent to the curve at the inflec­
tion point extrapolated to the assumed minimum water content, 
19 percent. 
The extrapolations in no way affect the estimated infil­
tration rate or cumulative infiltration. By using core data 
for Soil I for the first 15 minutes of each infiltration run 
(see Table 3,a), the water content of the surface layer is 
allowed to rise to within a few percent of the saturation 
water content before the P-e-D relations of the crust samples 
are introduced. The computer solution, therefore, never in­
volves por D values associated with low water contents; because 
for all times greater than 15 minutes, the water content of the 
crust layer is high. 
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Diffusivity as a function of water content for crusts 
(Figures 8 through 13) is also a sigmoid relation and similar 
in shape to D(0) curves presented by previous workers. In 
general, the curves are steeper than the undisturbed core-
determined curves for the same soil and indicate a lower dif­
fusivity at saturation. 
The steeper slope is expected and probably related to 
the finer pore size distribution existing within the crust 
samples. A slight reduction in water content greatly reduces 
the capillary conductivity and limits flow to finer pores and 
water films under much greater suction. The large pores of 
the undisturbed samples account for their higher diffusivity 
values at saturation. 
The saturation water contents are those of Figures 22, 23, 
and 24. Diffusivity at saturation is determined from the 
measured saturated conductivity and the slope of the water 
content versus suction curves. At any water content less than 
the saturation value for the 30-minute treatment, diffusivity 
for the 60 and 90-minute treatments is lower. Suction in the 
latter treatments is greater, since more water has been with­
drawn from them; and therefore, conduction must take place 
through finer channels. The finer average pore size in the 
60 and 90-minute treatments, as indicated by the saturated 
conductivities (Figure 26), and the decrease in total porosity 
which accompanies exposure (Figure 25) would also tend to make 
D lower in the 60 and 90-mlnute treatments. 
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Estimated Infiltration into a crust-Influenced system 
Infiltration into six Ida silt loams under conditions 
that simulate crust development is shown in Figures 2? through 
32. The infiltration rate curves have been visually fitted to 
the calculated points and the cumulative infiltration curves 
were smoothed accordingly. The following discussion describes 
how the Hanks and Bowers (I962) analysis was modified to 
account for the effect of a developing crust upon infiltration. 
First, consider Soil II, the second or lower layer of the 
theoretical profile. For the crust runs. Soil II represents 
the entire plow layer except for the surface O.5 cm. which is 
considered crust. It is contrasted to Soil II of the non-
crust runs (Figures 14 through 19) in which the second layer 
represents the soil below the plow layer. 
For crust runs, the water content-suetlon-diffuslvlty 
relations which describe water flow through Soil II were 
obtained from the Kunze and Kirkham (I962) step-wise desorptlon 
analysis of an undisturbed core sample taken within the plow 
layer. Similar relations from a core taken below the plow 
layer describes flow in Soil II of the non-crust run. The 
relationships so Indicated prevail for the duration of the 
infiltration run in both crusted and non-crusted conditions. 
This is not the case, however, with Soil I (the top O.5 
cm. of the theoretical profile) of the crust runs. During the 
first 15 minutes of the infiltration run. Soil I for the crust 
run is described exactly the same as Soil II below it. This 
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Figure 27. Cumulative infiltration (Increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Akron site) as affected by crust development. 
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Figure 28. Cumulative infiltration (increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Castana site) as affected by crust develop­
ment . 
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Figure 29.  Cumulative infiltration (increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Glenwood site) as affected by crust develop­
ment. 
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Figure 30. Cumulative infiltration (increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Hamburg site) as affected by crust develop­
ment. 
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Figure 31. Cumulative infiltration (increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Logan site) as affected by crust development. 
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Figure 32. Cumulative infiltration (increasing) and infiltration rate (decreas­
ing) into Ida silt loam (Moville site) as affected by crust develop­
ment . •
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appears reasonable, since at the start of an infiltration run, 
a crust has not yet begun to develop and physical properties 
of the entire plow layer would be more or less uniform. 
For times between 15 and 45 minutes, the arrays 
describing Soil I are replaced by data obtained from the Brooks 
and Corey (1964) analysis of crust samples exposed to 30 minutes 
of simulated rainfall. The physical model for this time period 
corresponds to 0.5 cm. of 30-minute crust overlaying an un­
changed plow layer. 
Consider now, the infiltration rate calculated at time = 
15.1 minutes. The computer assumes a 30-minute crust already 
existing at the surface. At time = l4.9 minutes (prior to 
the input source change), infiltration is estimated assuming 
no crust, that is. Soil I still has the same charactertistics 
as Soil II. The change in source of input at 15 minutes allows 
for a potential change in infiltration rate at that time due 
to the difference in permeability of Soil I before and after 
the change. The plotted points in Figure JO at 0.25 hours 
reflect this effect. 
The fitted curve at 0.25 hours is an approximation of the 
infiltration rate through a 15-minute crust. The point at 
14.9 minutes is too high because it assumes no crust develop­
ment; whereas, in reality the surface conductivity would have 
decreased somewhat by that time. The 15.I minute value is too 
low because it is estimated from a 30-Minute crust. A realis­
tic infiltration rate at 0.25 hours would, therefore, be some­
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where between these two values, as indicated. 
At time = ^5 minutes, the input source for Soil I is 
again changed to keep the permeability characteristics of the 
top layer consistent with those of a developing crust. For 
the next 30 minutes, /-f-D relations from a 60-minute exposure 
treatment describe the water movement within the crust layer. 
At time = 75 minutes, relations from a 90-mi%ute crust 
are introduced to simulate even stronger crust development. 
Figure 29 clearly shows the effect of the 60 and 90-Minute 
crusts upon the calculated infiltration rate. 
The transition from one input source to another may affect 
the calculated infiltration rate in one of three ways. 
1. The infiltration rate may be reduced, as in Figure 
30 at 1,25 hours. 
2. The infiltration rate may increase, as in Figure 30 
at 0.75 hours. 
3. The infiltration rate may not be noticeably changed, 
as in Figure 27 at 0.25 hours. 
A reduction in the infiltration rate when a change of 
input source is made is related to the lower diffusivity of 
the new crust layer at the transition water content. For the 
example cited in 1. above, the relevant diffusivity values 
are given in Table l4 of Appendix B. Prior to 1.25 hours, 
saturated diffusivity in the 60-minute crust is (I .50 -
0.46) X 100 = 104 cm.2 per hr. After 1.25 hours, the saturated 
diffusivity from the 90-minute crust applies, (O.69 - O.33) x 
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100 = 36 cm.^ per hr. The actual decrease in diffusivity at 
the transition time will not be exactly 104 - 36 = 68, because 
the crust layer will not be completely saturated; however, 
the calculations presented demonstrate the mechanism by 
which the calculated infiltration rate can be sharply reduced 
as the flow characteristics of the crust change. 
The calculated infiltration rate increases at a transi­
tion when the increase in suction is great enough to offset 
the decrease in diffusivity. Consider the transition from 
the 30-minute crust to the 60-minute crust in Figure 30 and 
Table 14. If the surface were saturated before the transition 
(4l percent water content, 0 suction), the suction associated 
with that water content after the transition to the 60-minute 
crust would be 77 cm. HgO. Apparently, this suction (it will 
probably be less than 77 cm. HgO since the surface layer will 
not be perfectly saturated at the transition) acting as the 
potential gradient, combined with the associated conductivity 
or diffusivity factor, produces a greater infiltration rate 
than the high conductivity-low gradient conditions which 
exist before the transition. 
In case 3 above, the decrease in diffusivity and increase 
in suction after the transition result in a very slight de­
crease in the calculated infiltration rate, K(sat), defined 
as for Figures 20 and 21, is 0.73 and 0.66 cm, per hr. before 
and after the transition, respectively. 
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The transition from one input source to another involves 
replacing the saturated water content and the suction and 
diffusivity arrays of the former source with those of the 
latter. In addition, when the new d(sat) is less than the 
old, the water content of the crust layer must also be reduced 
to a value no higher than the new ô(sat). The change from 
core data to 30-minute crust data in Table 11 of Appendix B 
illustrates a decrease in Ê'(sat) from 50 to 46 percent. 
The effect on cumulative infiltration of lowering,the 
water content of the top increment is the loss of a small 
volume of water. In the example above, the loss to the system 
is 0.013 cm. which is less than the amount that infiltrated 
during the first 0.001 hr. 
If the transition is to a crust having a saturated water 
content greater than or equal to the previous 0(sat), the 
cumulative infiltration budget is not affected and the water 
content of the surface layer is determined by the existing 
conductivity characteristics and gradients. 
As under non-crusted conditions, the Moville site had 
the highest near-equilibrium infiltration rates and cumulative 
infiltration after two hours under both wet and dry antecedent 
moisture conditions. The Glenwood site had the lowest infil­
tration rate after two hours (wet and dry) and accumulated 
less water than did the other sites under wet conditions. When 
the soil was initially dry, however, the Hamburg soil had the 
lowest cumulative infiltration, indicating that it tended to 
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reach a near-equilibrium rate early; whereas, the Glenwood 
soil maintained a relatively high infiltration rate longer. 
Table 4 summarizes the infiltration study and facilitates 
crust versus non-crust and wet versus dry comparisons of the 
infiltration rate and cumulative infiltration after two hours. 
The data in the table were taken from Figures l4 through 19 
and 27 through 32. 
Near-equilibrium infiltration rates were consistently 
higher under dry antecedent conditions than under wet. This 
trend was noted by Green (1962) and explained by Taylor and 
Heuser (1953) as due to the stronger gradient at the wetting 
front in the initially dry soil. As the transition zone (the 
near-saturation zone between the wetting front and the surface) 
grows, the effect of the gradient at the wetting front becomes 
less important and the saturated conductivity of the upper 
layers determine the infiltration rate. Periods of uniform 
rainfall long enough for such conditions to develop seldom 
occur naturally, which means that a difference in "equilibrium" 
rates for initially dry and wet soils can be expected. 
Cumulative infiltration is also consistently higher for 
the initially dry soils. This condition must prevail, for at 
no time is the infiltration rate into the wet soil as high as 
into the dry. 
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Table 4. Infiltration rate and cumulative infiltration after 
two hours as estimated under crusted and non-crusted 
profiles with dry and wet antecedent moisture con­
tents 
Site Infll. 
rate 
Dry 
Cum. 
infll. 
Wet 
Infll. 
rate 
Cum. 
infll 
cm./hr. cm. cm./hr. cm. 
No Crust 
Akron 1.30 3.39 1.09 2.86 
Castana 1.90 4.60 1.55 3.90 
Glenwood 1.15 3.13 0.75 2.25 
Hamburg 1.05 2.55 0.80 2.07 
Logan 1.04 2.69 0.76 2.25 
Moville 2.35 4.90 2.20 4.50 
Crust 
Akron 1.25 3.12 1.00 2.75 
Castana 1.46 4.13 1.36 3.50 
Glenwood 0.56 2.60 0.35 1.88 
Hamburg 0.80 2.25 0.64 1.90 
Logan 0.88 2.50 0.69 2.13 
Moville 2.00 4.25 1.95 4.12 
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The development of a surface crust reduced the estimated 
near-equilibrium infiltration rate and cumulative infiltra­
tion into all soils. The reduction in two-hour accumulation 
due to crust development was 17 percent for the Glenwood_soil 
under dry antecedent conditions and 16 percent when the profile 
was initially wet. For the Akron soil, however, the decrease 
was only 8 percent (dry) and 4 percent (wet). 
The reduction in cumulative infiltration due to crust 
development is definitely a function of the rate and degree 
of aggregate breakdown and dispersion (Duley, 1940; Moldenhauer 
and Long, 1964; and Green (1962)), However, variations in 
surface clay and organic matter content are not consistent with 
estimated infiltration rates (Table 1); and it appears that 
no single measured factor determines the reduction due to 
crusting. 
One final consideration, which may be related to the 
relative reduction in infiltration due to crust development 
and to the range in infiltration rates found when crusting 
was not considered is the seasonal change in permeability of 
the plow layer. Allmaras et (1966) report a decrease in 
plow layer porosity of 1? percent between early June after 
preplanting operations and late July after the third cultiva­
tion, Assuming that the infiltration rate will be higher through 
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the more porous media, it becomes evident that the effect of 
crusting will be more pronounced early in the growing season 
and will diminish as the conductivity of the plow layer de­
creases. Since for this study, the core samples used to de­
scribe the flow characteristics of the plow layer were taken 
in the fall, we must assume that the calculated decrease in 
cumulative infiltration due to crust development is not as 
great as it would be if spring-sampled cores were used; and 
that part of the soil to soil variation noted in infiltration 
rates and cumulative infiltration may be due to differences 
in local weathering and management factors. 
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SUMMARY AND CONCLUSIONS 
The influence of surface conditions on estimated infiltra­
tion into Ida silt loam was studied using the following 
approach. 
a) Water content-suction diffusivity relations for the 
two uppermost horizons at six widely separated locations with­
in Iowa were determined by the step-wise desorption of un­
disturbed cores (Kunze and Kirkham, I962). Infiltration into 
a regular 2-layered system (crust not considered) was estimated 
from these data using the Hanks and Bowers (I962) numerical 
solution to the infiltration equation. 
b) The Brooks and Corey (1964) method of determining 
water content-suction-diffusivity relations for porous solids 
was used to describe the permeability characteristics of 0,5 
cm. crusts formed on these soils by simulated rainfall. 
c) The Hanks and Bowers solution was modified to allow 
for the estimation of infiltration through a developing crust. 
The major change involved replacing the initial water content-
suction-diffusivity arrays that define flow through the top 
0.5 cm. with values that are consistent with the length of 
e^çposure to simulated rainfall. 
Cumulative infiltration after two hours into a regular 
2-layered system ranged from 2.55 cm. to 4.90 cm. when the 
antecedent moisture content was 20 percent and 2.07 to 4.50 cm. 
when the same soils were initially at field capacity. Near-
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equilibrium infiltration rates ranged from I.05 to 2.35 cm. 
per hour (dry) and 0.75 to 2,20 cm. per hour (wet). 
Stronger potential gradients at the wetting front under 
dry initial conditions account for the higher near-equilibrium 
rates into the dry soil. Cumulative infiltration depends upon 
relative rates at short times when the infiltration rate is 
highest and upon how rapidly the infiltration rate approaches 
the near-equilibrium rate. 
Cumulative infiltration and the near-equilibrium infil­
tration rates are related to the saturated conductivity of 
the surface (Figures 20 and 21) which, intum, is influenced 
by seasonal weather and management factors. 
Cumulative infiltration under crusted soil conditions 
was also evaluated. Under initially dry conditions, cumula­
tive infiltration after two hours was 83 to 93 percent of that 
found under non-crusted conditions and ranged from 84 to 96 
percent of non-crusted amounts under wet antecedent conditions. 
The reduction in near-equilibrium infiltration rates due to 
crusting was not uniform on all soils, but for a given soil 
was approximately the same under wet and dry antecedent condi­
tions. 
Moist bulk density of the surface crust increased (Figure 
25) with increased exposure to simulated rainfall due to the 
breaking down and dispersion of surface aggregates and subse­
quent occlusion of pores. Accompanying the increase in 
density is a decrease in saturated conductivity (Figure 26) 
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which varied widely among soils after 30 minutes of raindrop 
exposure (0.22 to 1.13 cm. per hr.) but only slightly after 
90 minutes (0.12 to 0.24 cm. per hr.). Variability in aggre­
gate strength or resistance to breakdown is indicated by the 
wide range in saturated conductivity after the first exposure 
treatment. 
Although the total porosity of the crust decreased with 
increased exposure to raindrop impact, the water content at 
0 suction increased. This relationship is in agreement with 
the findings of Voorhees ejb (1966) and indicates a differ­
ence in the amount of air entrapped during the wetting process. 
The method presented here is the first attempt at esti­
mating infiltration through a layer whose permeability charac­
teristics change with time. Ideally, the water content-suction-
diffusivity relation within a developing crust is a smooth, 
continuous, single-valued function, changing with time as 
the crust, itself, changes. For this study, that changing 
relationship has been inferred from evaluations at four stages 
of crust development. 
This step-wise approximation of the smooth relationship 
would be improved if more treatments of shorter duration were 
used, i.e., exposures of 5» 10, 15.«.minutes instead of 30, 60, 
and 90. Ultimately, water content, suction, and dlffusivity of 
the changing crust layer can be expressed as a function of time 
or exposure to drop energy; and the y-g-D relations can be cal­
culated uniquely for each time interval of the finite difference 
99 
solution. 
The practical importance of such a solution will, of 
course, be limited by our ability to define and measure the 
physical properties exactly and will be tempered by the degree 
to which our assumptions regarding infiltration as a diffusion 
process hold. 
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Table 5. Profile description of Ida silt loam at the Akron^ 
site 
Depth 
cm. 
Horizon Description 
0-15 Ap Dark grayish brown (lOYR 4/2) friable, 
massive, silt loam having common, fine, 
faint, yellowish brown to light yellow­
ish brown (lOYR 5»5/^) mottles and an 
abrupt smooth boundary. 
15-58 CI Yellowish brown (lOYR 5/4) friable, 
massive, silt loam having common, fine, 
prominent strong brown (7.5YR 5/8) and 
many, fine, distinct light brownish 
gray (2.5Y 6/2) mottles with many very 
fine 00^ concretions and common, very 
fine, prominent black (lOYR 2/1) Mn 
concretions, and a clear smooth boundary. 
58-125+ C2 Light olive brown (2.5Y 5/^) friable, 
massive silt loam having common, fine 
to medium, faint strong brown (7.5YR 
5/6) mottles and many thick dark brown 
(7.5ÏR 3/2) organic coatings in pores, 
with many very fine CO^ concretions. 
Note : Moderate platy 
surface. Many 
slip structure in Ap horizon near the 
fine pores in CI, 
^Location: 300 yards north of oenterline of road and 
125 yards east of oenterline of lane in NE corner of SW 1/4 
of SW 1/4 of SW 1/4 of Section 33, T93N, R48W. Plymouth County, 
Iowa. 
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Table 6. Profile 
site. 
description of Ida silt loam at the Castana®-
Depth 
cm. 
Horizon Description 
0-18 Ap Dark grayish brown (lOYR 4/2) very 
friable, massive silt loam having an 
abrupt, smooth boundary. 
18-51 CI Brown (lOYR 5/3) very friable, massive 
silt loam with many, fine, faint, light 
gray (lOYR 6/1) and common, medium, 
faint, dark brown (lOYR 3/3) mottles 
and a clear, smooth boundary. 
51-152+ C2 Brown to yellowish brown (lOYR 5/3-5) 
very friable, massive silt loam, having 
common, medium distinct, light gray 
(lOYR 6/1) and yellowish brown (lOYR 
5/6) mottles and common, fine, prominent, 
yellowish brown (lOYR 5/8) mottles with 
common, fine, prominent black (lOYR 2/1) 
îm concretions. 
Note: Common, medium to very coarse COo concretions in the 
Ap horizon, becoming few at 15O cm. 
^Location: 6OO feet east and 2^0 feet south of corner 
post in middle of the north line of Section 2?, T84N, R43W, 
Monona County, Iowa. 
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Table ?. Profile 
site 
description of Ida silt loam at the Glenwood 
Depth 
cm. 
Horizon Description 
0-15 Ap Very dark gray brown (lOYR 3/2) 80^ and 
brown to dark brown (lOYR 4/3) 20^ 
friable, silt loam having fine to very 
fine, weak to moderate granular structure 
and an abrupt, smooth broundary. 
15-53 Cll Brown to dark brown (lOYR 4/3) 60^ 
and brown (lOYR 5/3) 40^ very friable 
silt loam with few, fine, distinct 
black (lOYR 2/1) organic fillings in 
root channels and worm holes, having a 
massive structure and a clear, smooth 
boundary. 
53-74 C12 Brown (lOYR 5/3) and light olive brown (2.5Y 5/^) friable silt loam having few, 
fine, prominent black (lOYR 2/1) organic 
coatings in root channels with massive 
structure and a clear, smooth, boundary. 
74-152+ C2 Light olive brown (2.5Y 5/^) friable 
silt loam having few, very coarse gray 
to light gray (lOYR 6/1) mottles and 
few, fine, prominent black (lOYR 2/1) 
organic coatings in pores and root 
channels with few, fine, distinct yellow­
ish brown (lOYR 5/6) mottles around very 
small Pe concretions and. few, fine, 
prominent black (lOYR 2/1) Mn concre­
tions, and having a massive structure. 
Note: Fine to medium free carbonate concretions existing 
throughout the profile. Pew in Ap, common elseifhere. 
^Location: 55 feet above the bottom terrace and 75 feet 
south of the terrace point in the SE 1/4 of NE 1/4 of NE 1/4 
of Section 22, T72N, R43¥, Mills County, Iowa. 
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Table 8. Profile 
site 
description of Ida silt loam at the Hamburgh 
Depth 
cm. 
Horizon Description 
0-13 %1 Brown to dark brown (lOYR 4/3) friable 
silt loam having common, fine, distinct 
very dark gray (lOYR 3/1) mottles and 
common, very fine, prominent black 
(lOYR 2/1) Mn specks with massive struc­
ture and a clear smooth boundary. 
13-23 %2 Yellowish brown (lOYR 5/4) friable silt loam having common to many, medium, 
distinct gray (lOYR 5*5/1) and common, 
fine, prominent and common, medium, 
faint yellowish brown (lOYR 5/8) and 
(lOYR 5/7) mottles with very dark gray 
(lOYR 3/1) organic coatings in root 
channels, massive structure and an 
abrupt, smooth boundary. 
23-125+ C2 Light yellowish broivn (lOYR 6/4) friable 
silt loam having many, fine, prominent 
yellowish brown (lOYR 5/8) and many, 
fine, faint light gray (lOYR 6/1) mottles 
with scattered clusters of many, very 
fine, prominent black (lOYR 2/1) Mn 
concretions and massive structure. 
Note: Carbonate concretions are few and fine to medium in 
C2 horizon. 
^Location: 30 yards north of centerline of road and 35 
yards west of section line in SE 1/4 of SE 1/4 of WE 1/4 of 
Section 9. T67N, R42¥, Fremont County, Iowa. 
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Table 9* Profile description of Ida silt loam at the Logan^ 
site 
Depth Horizon Description 
cm. 
0. -23 Ap Very dark, grayish brown (lOXR 3/2) 
friable, massive silt loam having few, 
medium, distinct dark brown (7.5ÏR 4/4) 
and common, medium distinct yellowish 
brown (lOYE 5/4) mottles with an abrupt, 
smooth boundary. 
23--58 Cl Olive brown (2.5Y 4/4), slightly firm, 
massive silt loam having many, medium, 
prominent light gray (lOYR 6/1) and many, 
fine to medium, faint yellowish brown 
(lOYR 5/6) mottles with many, large, 
prominent strong brown (7.5ÏR 5/8) Fe 
concretions and a gradual smooth bound­
ary. 
58. -125+ C2 Olive brown (2.5Y 4/4) to light olive 
brown (2.5Y 5/6) friable, massive silt 
loam having many, medium, prominent light 
brownish gray (2.5Y 6/2) and few, fine, 
prominent yellowish brown (lOYR 5/8) 
mottles, and few, medium, prominent 
black (5ÏE 2/1) Mn concretions with few, 
medium, prominent very dark gray (lOYR 
3/1) CM fillings in the many pores and 
root channels. 
Note: Carbonate concretions are few throughout the profile 
except for a 5 cm. band accumulation at 53-58 cm. 
Location: 15 yards east and 60 yards north of the middle 
of the south line of the SU 1/4 of Section 20, a?79N, R42W, 
Harrison County, Iowa. 
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Table 10. Profile 
site 
description of Ida silt loam at the Moville 
Depth 
cm. 
Horizon Description 
0-12 Ap Very dark grayish brown (lOYR 3/2) 
friable silt loam having many, medium, 
distinct dark yellowish brown (lOYR 4/4) 
mottles and thin very dark gray (lOYR 
3/1) coatings, with fine to medium, weak 
to moderate subangular blocky structure 
and an abrupt, smooth boundary. 
12-55 Cl Dark yellowish brown (lOYR 4/4) friable 
massive silt loam having thin, dis­
continuous very dark grayish brown(lOYR 
3/2) coatings in pores and root channels, 
with many, fine, prominent black (lOYR 
2/1) Mn concretions and many medium to 
large COo concretions and having a clear 
smooth boundary. 
55-110 C2 Light olive brown" ("2.5ï 5/^) friable, 
massive silt loam having common, fine, 
prominent light brownish gray (2.5Y 
6/2) and many, fine, prominent strong 
brown (7.5YR 5/6 and 5/8) mottles with 
moderate, very dark gray (lOYR 3/1) 
organic fillings in pores and root chan­
nels. 
Note; A very heavy accumulation of CO3 concretions in the 0% 
horizon, occuring as a 15-cm. band, at varying depth. 
This site is on a low terrace position with the loess 
thickness varying from I.5 to 2 m. overlaying water-
• worked silty materials. 
^Location: 200 yards south on lane, then 20 yards west, 
from 1/4 of M 1/4 of WE 1/4 of Section 29, T89M, R44¥. 
Woodbury County, Iowa. 
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TABLE 11. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(AKRON SITE). 
I T P{ I ) Q(II) P(30) P{60) P(90) 
1 0. 19 -3800. -2550. -70000. -100000. -120000 
? 0.20 -3100. -2050. -50000. -72000. -85000 
3 0.21 -2500. -1700. -36000. -51000. -60000 
4 0.22 -2000. -1380. -25000. -36500. -42500 
S 0.23 -1600. -1110. -17700. -25500. -30000 
6 0.24 -1300. -930. -12400. -18000. -21000 
7 0.25 -1070. -770. -8800. -12700. -14900 
8 0.26 -890. -640. -6200. -9100. -10200 
9 0.27 -740. -530. -4300. -6200. -7250 
10 0.28 -620. -440. -3050. -4300. -5050 
11 0.29 -519. -357. -2150. —3000. -3520 
1 ? 0.30 -435. -315. -1500. -2020. -2450 
13 0.31 -370. -270. -1050. -1440. -1750 
14 0.32 -316. -230. -740. -1010. -1210 
15 0.33 -257. -195. -520. -700. -865 
16 0.34 -240. -170. -365. -480. -598 
17 0.35 -210. -145. -252. — 340. -420 
18 0.36 -182. -125. -180. -232. -292 
19 0.37 -158. -106. -125. -160. -203 
20 0.38 -135. -89. — 86 . -Ill . -140 
21 0.39 -116. -73. — 60 . -79. — 98 
22 0.40 -100. -59. -42. -57. -70 
23 0.41 -82. -48. -30. -42. -49 
24 0.42 -67. -39. -21. -29. -35 
25 0.43 -52. -31. -15. -20. -25 
26 0.44 -40. -24. -11. -13. -13 
27 0.45 -29. -19. -5. — 8 . -13 
28 0.46 -19. -14. 0. -4. -9 
29 0.47 -12. -11. 99900. 0. -5 
30 0.48 -7. —8 . 0. 99900. -2 
31 0.49 -3. -5. 0. 0. 0 
32 0.50 -0. -3. 0. 0. 99900 
33 0. 51 99999. -0. 0. 0. 0 
34 0.52 0. 99999. 0. 0. 0 
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TABLE 11. (CONTINUED) 
[ D( I ) R( II ) 0(30) D( 60) 0(90) 
1 0. 430E —03 0 .910E-•03 0 .504E-09 0 .352E-•07 0 .380E-•07 
2 0. 950E -03 0 .200E-•02 0 .407E-•08 0 .114E-•06 0 .102E-•06 
3 0. 159E -02 0 .331E-•02 0 .251E-07 0 .339E-•06 0 .257E-•06 
4 0. 237E -02 0 .489E-•02 0 .117E-06 0 .930E-•06 0 .613E-•06 
5 0. 333E -02 0 .680E-•02 0 .470E-06 0 .237E-•05 0 . 140E-•05 
6 0. 451E -02 0 .910E-•02 0 .163E-05 0 .566E-•05 0 .306E-•05 
7 0. 596E -02 0 .119E-01 0 .498E-05 0 .128E-04 0 .645E-05 
8 0. 772E -02 0 .153E-01 0 .138E-04 0 .274E-•04 0 .131E-•04 
9 0. 991E -02 0 .195E-01 0 .351E-04 0 .564E-•04 0 .259E-04 
10 0. 126E -01 0 .247E-•01 0 .838E-04 0 .112E-03 0 .498E-04 
li 0. 159E -01 0 .315E-01 0 .19PE-03 0 .214E-03 0 .931E-04 
12 0. 200E -01 0 .413E-01 0 .406E— 03 0 .398E-03 0 .170E-03 
13 0. 252E -01 0 .608E-•01 0 .830E-03 0 .720E-•03 0 .303E-03 
14 0. 318E -01 0 .998E-•01 0 .163E-02 0 .127E-02 0 .530E-03 
15 0. 415E -01 0 . 154E 00 0 .307E-02 0 .218E-02 0 .907E-•03 
16 0. 523E -01 0 .224Ê 00 0 .561E-02 0 .368E-02 0 .152E-02 
17 0. 813E -01 0 .322E 00 0 .998E-02 0 .606E-02 0 .252E-02 
18 0. 125E 00 0 .429E 00 0 .173E-01 0 .980E-02 0 .410E-02 
19 c. 187E 00 0 .559E 00 0 .292E-01 0 .156E-•01 0 .656E-•02 
20 0. 274E 00 0 .713E 00 0 .483E-01 0 .244E-•01 0 .104E-•01 
21 0. 391E 00 0 .895E 00 0 .781E-01 0 .377E-01 0 .161E-01 
22 0. 546E 00 0 .lllE 01 0 . 124E 00 0 .574E-01 0 .248E-•01 
23 0. 748E 00 0 .136E 01 0 . 194E 00 0 .734E-01 0 .3 78E-01 
24 0. lOlE 01 0 . 165E 01 0 .298E 00 0 .136E 00 0 .568E-•01 
25 0. 136E 01 0 . 198E 01 0 .406E 00 0 .223E 00 0 .845E-•01 
26 0. 180E 01 0 .236E 01 0 .820E 00 0 .358E 00 0 .125E 00 
27 0. 238E 01 0 .280E 01 0 . 149E 01 0 .573E 00 0 . 183E 00 
28 0. 312E 01 0 .331E 01 0 .480E 01 0 .920E 00 0 .309E 00 
29 0. 406E 01 0 .388E 01 0 .200E 05 0 .307E 01 0 .499E 00 
30 0. 534E 01 0 .452E 01 0 .0 0 .200E 05 0 .102E 01 
31 0. 700E 01 0 .525E 01 0 .0 0 .0 0 .302E 01 
32 0. 919E 01 0 .607E 01 0 .0 0 .0 0 .200E 05 
33 0. 200E 05 0 .700E 01 0 .0 0 .0 0 .0 
34 0. 0 0 .200E 05 0 .0 0 .0 0 .0 
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TABLE 12. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(CASTANA SITE). 
T T PCI) Q( II ) P(30) P(60) P{90) 
1 0. 19 -3700. -1050. -68000. -220000. -145000 
2 0.20 -3150. -850. -48000. -155000. -108000 
3 0.21 -2670. — 690 . -36000. -107000. -79000 
4 0.22 -2300. -580. -25500. -74000. -68500 
5 0.23 -1950. — 480. -18100. -49500. -42500 
6 0.24 -1670. -395. -13000. -34000. -31800 
7 0.25 -1430. — 340 . -9300. -23500. -23800 
S 0.26 -1240. -295. -6700. -16000. -17200 
9 0.27 -1060. -255. -4750. -10800. -13000 
10 0.28 -920. -221. -3350. -7500. -9500 
11 0.29 -790. -192. -2350. -5000. -7950 
12 0. 30 -680. -168. -1650. -3400. -5100 
13 0.31 — 600 . -149. -1190. -2300. -3750 
14 0.32 -520. -131. -840. -1530. -2750 
15 0.33 -455 . -117. -590. -1010. -2000 
16 0.34 -405. -104. -415. -710. -1470 
17 0.35 -355. -96. -288. -470. -1060 
18 0.36 -320. — 86 . -204. -315. -790 
19 0.37 -285. -77. -140. -210. -580 
20 0.38 -255. -67. -97. -140. -425 
21 0.39 -230. -58. — 66. -95. — 306 
22 0.40 -202. -49. -43. —60 . -222 
23 0.41 -181. -42. -20. -34. -161 
24 0.42 -157. —34. -6. -16. -117 
25 0.43 -133. -28. 0. -5. — 86 
26 0.44 -101. -23. 99900. 0. -61 
27 0.45 -91. -18. 0. 99900. -45 
28 0.46 -71. -14. 0. 0. -29 
29 0.47 -51. -11. 0. 0. -16 
30 0.48 -31. -9. 0. 0. —6 
31 0.49 -17. -7. 0. 0. 0 
32 0.50 -7. -5. 0. 0. 99900 
33 0.51 0. -4. 0. 0. 0 
34 0.52 99999. -3. 0. 0. 0 
35 0.53 0. -2. 0. 0. 0 
36 0.54 0. 0. 0. 0. 0 
37 0. 55 0. 99999. 0. 0. 0 
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TABLE 12. (CONTINUED) 
r 0(1 ) R( I I ) 0(30) 0(60) 0(90) 
1 0. 330E -03 0 .230E-•02 0 .637E-06 0 .189E-•06 0 .297E-•07 
2 0. 730E -03 0 .540E-•02 0 .162E-05 0 .491E-•06 0 .722E-07 
3 0. 122E -02 0 .980E-•02 0 .394E-05 0 .121E-•05 . 0 .163E-•06 
4 0. 181E -02 0 .160E-•01 0 .904E-05 0 .286E-05 0 .372E-•06 
5 0. 253E -02 0 .250E-•01 0 .200E-04 0 .648E-•05 0 .794E-06 
6 0. 341E -02 0 .380E-•01 0 .427E-04 0 .141E-04 0 .164E-•05 
7 0. 447E -02 0 .570E-•01 0 .876E-04 0 .294E-04 0 .327E-05 
8 0. 577E -02 0 .890E-•01 0 .175E-03 0 .597E-04 0 .634E-05 
9 0. 735E -02 0 .140E 00 0 .339E-03 0 .118E-03 0 .120E-•04 
10 0. 931E -02 0 .213E 00 0 .638E-03 0 .225E-03 0 .220E-04 
11 0. 117E -01 0 .310E 00 0 .118E-02 0 .421E-03 0 .395E-04 
12 0. 146E -01 0 .4232 00 0 .212E-02 0 .769E-03 0 .696E-04 
13 0. 182E -01 0 .576E 00 0 .372E-02 0 .138E-02 0 .120E-03 
14 0. 227E -01 0 .765E 00 0 •644E-02 0 .241E-02 0 .203E-03 
15 0. 283E -01 0 . 993E 00 0 .109E-01 0 .413E-02 0 .338E-03 
16 0. 352E -01 0 . 127E 01 0 .182E-01 0 .698E-02 0 .553E-03 
17 0. 439E -01 0 .159E 01 0 .299E-01 0 .116E-01 0 .892E-03 
18 0. 544E -01 0 . 196E 01 0 .483E-01 0 .190E-01 0 .142E-02 
19 . 0. 683E -01 0 .239E 01 0 .769E-01 0 .306E-01 0 .222E-02 
20 0. 861E -01 0 .291E 01 0 .121E 00 0 .486E-01 0 .344E-02 
21 0. 109E 00 0 .351E 01 0 .130E 00 0 .763E-01 0 .526E-02 
22 0. 138E 00 0 .423E 01 0 .441E 00 0 .134E 00 0 .796E-02 
23 0. 177E 00 0 .508E 01 0 .lOlE 01 0 .267E 00 0 .119E-•01 
24 0. 230E 00 0 .609Ê 01 0 .268E 01 0 .523E 00 0 .176E-01 
25 0. 303E 00 0 .731E 01 0 .668Ë 01 0 .1052 01 0 .259E-01 
26 0. 409E 00 0 .878E 01 -.0 .200E 05 0 .423E 01 0 .376E-01 
27 0. 590E 00 0 . 105E 02 0 .0 0 .200E 05 0 .547E-01 
28 0. 892E 00 0 . 127E 02 0 .0 0 .0 0 . 106E 00 
29 0. 148E 01 0 .153E 02 0 .0 0 .0 0 . 199E 00 
30 0. 251E 01 0 . 185E 02 0 .0 0 .0 0 .384E 00 
31 0. 461E 01 0 .225E 02 0 .0 0 .0 0 .118E 01 
32 0. 856E 01 0 .275E 02 0 .0 0 .0 0 .200E 05 
33 0. 166E 02 0 . 339E 02 0 .0 0 .0 0 .0 
34 0. 200E 05 0 .419E 02 0 .0 0 .0 0 .0 
35 0. 0 0 . 521E 02 0 .0 0 .0 0 .0 
36 0. 0 0 .651E 02 0 .0 0 .0 0 .0 
37 0. 0 0 .201E 05 0 .0 0 .0 0 .0 . 
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TABL E 13. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(GLENWOOD SITE). 
[ T P(I) Q{ II ) P(30) P(60) P(90) 
1 0.19 -2750. -385. -70000. -127000. -360000 
? 0.20 -2400. -329. -49000. -90000. -260000 
3 0.21 -2050. -295. -36500. -64000. -180000 
4 0.22 -1790. -270. -26000. -45500. -123000 
5 0.23 -1540. -250. -18500. -32200. -87000 
6 0,24 -1340. -239. -13100. -23000. -60000 
7 0.25 -1180. -228. -9550. -16100. -41000 
8 0.26 -1030. -218. -6800. -11500. -28500 
9 0.27 -915. -211. -4800. -8200. -19800 
10 0.28 -810. -203. -3350. -5800. -13600 
11 0.29 -715. -193. -2300. -4000. -9300 
1 2  0.30 — 630. -184. —1600. -2800. -6250 
13 0. 31 -550. -173. -1110. -1930. -4350 
14 0.32 -481. -162. -760. -1320. -2940 
15 0.33 -420. -151. -516. -930. -2000 
16 0.34 -365. -140. -350. — 640 . -1330 
17 0.35 -312. -129. -230. -440. -900 
18 0.36 -265. -118. -150. -305. -602 
19 0.37 -222. -108. -97. -208. -400 
20 G. 38 -187. -98. — 61. -141. — 266 
21 0.39 -152. -89. — 36. -96. -175 
22 0.40 -122. -79. -21. -64. — 116 
23 0.41 -96. -71. -11. —41 . -76 
24 0.42 -72. -64. -4. -23. -49 
25 0.43 -50. -58. 0. -10. -29 
26 0.44 -30. -52. 99900. 0. -15 
27 0.45 -10. -45. 0. 99900. 0 
28 0.46 0. -40. 0. 0. 99900 
29 0.47 99999. -35. 0. 0. 0 
30 0.48 0. -30. 0. 0. 0 
31 0.49 0. -25. 0. 0. 0 
32 0.50 0. -21. 0. 0. 0 
33 0.51 0. -18. 0. 0. 0 
34 0.52 0. -14. 0. 0. 0 
35 0.53 0. -11. 0. 0. 0 
36 0. 54 0. - 8 . 0. 0. 0 
37 0. 55 0. -5. 0. 0. 0 
38 0. 56 0. 0. 0. 0. 0 
39 0.57 0. 99999. 0. 0. 0 
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TABLE 13. (CONTINUED) 
I 0(1) R( II ) 0(30) 0(60) 0(90) 
1 0. 280E -03 0.350E-04 0 .230E-05 0.115E-06 0 .llOE-08 
2 0. 600E -03 0.720E-04 0 .648E-05 0.286E-06 0 . 311 E-08 
3 0. 960E -03 0.113E-•03 0 .136E-04 0.6756-06 0 .833E-08 
4 0. 135E -02 0.158E-03 0 .259E-04 0.154E-•05 0 .212E-07 
0. 178E -02 0.208E-03 0 .462E-04 0.339E-05 0 .523E-07 
6 0. 223E -02 0.264E-•03 0 .832E-04 0.721E-05 0 .124E-06 
7 0. 270E -02 0.329E-03 0 .145E-03 0.148E-04 0 .285E-06 
8 0. 319E —02 0.404E-03 0 .248E-03 0.299E-04 0 .629E-06 
9 0. 371E -02 0.493E-03 0 .418E-03 0.580E-04 0 .135E-05 
10 0. 427E -02 0.598E-03 0 .700E-03 O.lllE-03 0 .281E-05 
11 0. 490E -02 0.728E-03 0 .116E-02 0.205E-03 0 .574E-05 
12 0. 567E -02 0.888E-03 0 .189E-02 0.374E-03 0 .114E-04 
13 0. 672E -02 0.108E-02 0 .303E-02 0.669E-03 0 .222E-04 
14 0. 822E -02 0.133E-02 0 .479E-02 0.117E-02 0 .420E-04 
15 0. 106E -01 0.168E-02 0 .749E-02 0.202E-02 0 .784E-04 
16 0. 151E -01 0.217E-02 0 .115E-01 0.343E-02 0 .144E-03 
17 0. 246E -01 0.287E-02 0 .174E-01 0.574E-02 0 .259E-03 
18 0. 476E -01 0.397E-•02 0 .258E-01 0.945E-02 0 .457E-03 
19 0. 956E -01 0.587E-02 0 .376E-01 0.153E-01 0 .795E-03 
20 0. 196E 00 0.917E-02 0 .556E-01 0.246E-01 0 .136E-02 
21 0. 381E 00 0.151E-01 0 .844E-01 0.390E-01 0 .231E-•02 
22 0. 686E 00 0.246E-01 0 . 133E 00 0.610E-01 0 .386E-02 
23 0. 117E 01 0.396E-•01 0 .223E 00 0.947E-01 0 .636E-•02 
24 0. 190E 01 0•636E-01 0 .433E 00 0.202E 00 0 .103E-01 
25 0. 298E 01 0.971E-•01 0 .143E 01 0.460E 00 0 .228E-•01 
26 0. 464E 01 0.146E 00 0 .200E 05 0.179E 01 0 .758E-•01 
27 0. 719E 01 0.217E 00 0 .0 0.200E 05 0 .305E 00 
28 0. 113E 02 0.320E 00 0 .0 0.0 0 .200E 05 
29 0. 200E 05 0.467E 00 0 .0 0.0 0 .0 
30 0. 0 0.677E 00 0 .0 0.0 0 .0 
31 0. 0 0.967E 00 0 .0 0.0 0 .0 
32 0. 0 0.137E 01 0 .0 0.0 0 .0 
33 0. 0 0.193E 01 0 .0 0.0 0 .0 
34 0. 0 0.271E 01 0 .0 0.0 0 .0 
35 0. 0 0.380E 01 0 .0 0.0 0 .0 
36 0. 0 0.530E 01 0 .0 0.0 0 .0 
37 0. 0 0.732E 01 0 .0 0.0 0 .0 
38 0. 0 O.IOIE 02 0 .0 0.0 0 .0 
39 0. 0 0.200E 05 0 .0 0.0 0 .0 
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TABLE 14. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(HAMBURG SITE). 
r T  P( I > Q(II ) P( 30) P(60) P(90) 
1 0.19 -3100. -750. -30000. -55000. -95000 
2 0.20 -2700. — 640 . -21100. -41000. -68000 
3 0.21 -2400. -550. -15100. -31000. -49000 
4 0.22 -2100. -465. -10800. -23300. -35200 
5 0.23 -1870. -400. -7400. -17300. -25200 
6 0.24 -1680. -340. -5220. -13000. -18100 
7 0.25 -1470. -290. -3730. -9550. -13100 
8 0.26 -1310. -250. -2650. -7160. -9250 
9 0.27 -1170. -215. -1850. -5350. -6600 
10 0.28 -1040. -184. -1310. -4000. -4800 
11 0.29 -920. -157. -920. -3000. -3400 
12 0.30 -790. -134. -651. -2190. -2450 
13 0.31 — 680 « -115. -462. -1610. -1760 
14 0. 32 -580. -100. -324. -1200. -1230 
15 0.33 -480. —86. -229. -900. -900 
16 0.34 -400. -74. — 160 . — 660 . -655 
17 0.35 -325. -64. -111. -485. —460 
18 0. 36 — 260. -55. -79. -360. -330 
19 0.37 -210. -47. -55. -260. -232 
20 0.38 -165. -41. -34. -191. -169 
21 0.39 -130. -35. -18. -140. -117 
22 0.40 -100. -30. — 5 . -101. -82 
23 0.41 -76. — 26. 0. -77. -57 
24 0.42 -59. -23. 99900. -54. -38 
25 0.43 -45. -20. 0. -38. -24 
26 0.44 -35. -17. 0. -22. -15 
27 0.45 -26. -14. 0. -9. -8 
28 0.46 -19. -12. 0. • —4 . -4 
29 0.47 -14. -10. 0. 0. 0 
30 0.48 -10. -9. 0. 99900. 99900 
31 0.49 -7. -7. 0. 0. 0 
32 0.50 - 4 .  — 6 . 0. 0. 0 
33 0.51 0. -5. 0. 0. 0 
34 0.52 9 9 9 9 9 .  - 4 .  0. 0. 0 
35 0.53 0, -3. 0. 0. 0 
36 0.54 0. -3. 0. 0. 0 
37 0.55 0. -2. 0. 0. 0 
38 0.56 0. -1. 0. 0. 0 
39 0.57 0. 0. 0. 0. 0 
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TABLE 14. (CONTINUED) 
I 0(1) R( II ) 0(30) 0(60) 0(90) 
1 0. 370E -03 O.IOOE-•03 0 .534E-06 0.169E-•06 0.864E-07 
2 0. 840E -03 0.220E-•03 0 .121E-05 0.374E-•06 0.197E-06 
3 0. 128E -02 0.360E-•03 0 .265E-05 0.793E-06 0.432E-06 
4 0. 178E -02 0.540E-•03 0 .554E-05 0.162E-•05 0.911E-•06 
5 0. 235E -02 0.760E-•03 0 .113E-04 0.321E-•05 0.186E-•05 
6 0. 300E -02 0.104E-•02 0 .222E-04 0.617E-05 0.366E-•05 
7 0. 375E -02 0.141E-02 0 .423E-04 0.115E-04 0.702E-05 
8 0. 463E -02 0.189E-•02 0 .788E-04 0.211E-04 0.131E-04 
9 0. 568E -02 0.254E-•02 0 .143E-03 0.376E-04 0.241E-04 
10 0. 694E -02 0.344E-02 0 .254E-03 0.659E-04 0.431E-04 
11 0. 847E -02 0i469E-•02 0 .442E-03 0.113E-03 0.757E-04 
12 0. 104E -01 0.647E-•02 0 .756E-03 0.190E-03 0.130E-•03 
13 0. 128E -01 0.913E-•02 0 .127E-02 0.315E-03 0.220E-03 
14 0. 161E -01 0.131E-•01 0 .209E-02 0.512E-•03 0.365E-03 
15 0. 208E -01 0.192E-01 0 .339E-02 0.821E-03 0.597E-03 
16 0. 277E -01 0.286E-01 0 * 541E-02 0.130E-02 0.963E-03 
17 0. 387E -01 0.436E-01 0 .8 54E— 02 0.203E-02 0.153E-02 
18 0. 552E -01 0» 666E-01 0 .133E-01 0.313E-02 0.241E-02 
19 0. 782E -01 0.956E-01 0 .204E-01 0.477E-02 0.373E-02 
20 0. llOE 00 0.130E 00 0 .315E-01 0.718E-02 0.572E-02 
21 0. 153E 00 0.171E 00 0 .854E-01 0.107E-01 0.866E— 02 
22 0. 211E 00 0.222E 00 0 .224E 00 0.158E-01 0.130E-01 
23 0. 287E 00 0.284E 00 0 .833E 00 0.230E-01 0.193E-01 
24 0. 387E 00 0.363E 00 0 .200E 05 0.333E-01 0.340E-01 
25 0. 518E 00 0.461E 00 0 .0 0.509E-01 0.594E-01 
26 0. 696E 00 0.585E 00 0 .0 0.105E 00 0.104E 00 
27 0. 935E 00 0.745E 00 0 .0 0.213E 00 0.185E 00 
28 0. 126E 01 0.955E 00 0 .0 0.459E 00 0.333E 00 
29 0. 171E 01 0.123E 01 0 .0 0.150E 01 0.693E 00 
30 0. 232E 01 0.159Ë 01 0 .0 0.200E 05 0.200E 05 
31 0. 319E 01 0.208E 01 0 .0 0.0 0.0 
32 0. 439E 01 0.274E 01 0 .0 0.0 0.0 
33 0. 609E 01 0.364E 01 0 .0 0.0 0.0 
34 0. 200E 05 0.486E 01 0 .0 0.0 0.0 
35 0. 0 0.656E 01 0 .0 0.0 0.0 
36 0. 0 0.888E 01 0 .0 0.0 0.0 
37 0. 0 0.121E 02 0 .0 0.0 0.0 
38 0. 0 0«166E 02 0 .0 0.0 0.0 
39 0. 0 0.230E 02 0 .0 0.0 0.0 
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TABLE 15. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(LOGAN SITE). 
I T P( I ) Q ( I I ) P(30) P(60) P( 90) 
1 0.19 -8100. -2200. -14000. -20100. -14000 
2 0.20 -6100. -1870. -10300. -15200. -11000 
3 0.21 -4550. -1600. -7750. -11700. -8700 
4 0.22 -3500. -1360. -5000. -8750. -6900 
5 0.23 -2710. -1150. -4350. —6600. -5410 
6 0.24 -2120. -990. -3250. -5000. -4300 
7 0.25 -1690. — 850 . -2400. -3850. -3400 
8 0. 26 -1370. -735. -1800. -2910. -2710 
9 0.27 -1110. -625. -1320. -2200. -2160 
10 0.28 -920. -540. -980. -1700. -1700 
11 0.29 -770. -470. -730. -1250. -1330 
12 0.30 — 645. -404. -535. -960. -1030 
13 0.31 -545. -346. -395. -735. -835 
14 0.32 -465. -301. -292. -565. —660 
15 0.33 -394. -260. -210. -425. -524 
16 0.34 -336. -224. -153. -322. -418 
17 0.35 - 2 8 9 .  -193. -112. -242. -325 
18 0. 36 -250. -170. -82. -185. -260 
19 0.37 -214. -147. — 60 . -140. -203 
20 0. 38 -183. -127. -43. -107. -160 
21 0.39 — 160. -111. -31. -80. -125 
2 2  0.40 -139. -96. -22. — 60 . -100 
23 0.41 -120. -85. -16. -46. -80 
24 0.42 -104. -74. -11. -34. -62 
25 0.43 -92. — 64. -8. -25. -47 
26 0.44 -80. -56. - t 6  .  -18 . -35 
27 0.45 -67. -49. -4. -13. -26 
28 0.46 -52. -43. -3. -10. -18 
2 9  0.47 — 36. — 38 . 0. -7. -13 
30 0.48 -9. -33. 99900. -5. -9 
31 0.49 0. -28. 0. -3. -5 
32 0.30 99999. -23. 0. 0. — 3 
33 0.51 0. -18. 0. 99900. 0 
34 0.52 0. -14. 0. 0. 99900 
35 0.53 0. -10. 0. 0. 0 
36 0.54 0. -6. 0. 0. 0 
37 0. 55 0. 0. 0. 0. 0 
38 0.56 0. 99999. 0. 0. 0 
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TABLE 15. (CONTINUED) 
I 0(1 ) R( 11 ) 0(30) 0(60) 0(90) 
1 0. 540E -03 O.llOE-•03 0 .706E-•06 0.541E-•06 0 .277E-05 
2 0. 120E -02 0.250E-•03 0 . 178E-05 0.120E-05 0 .494E-•05 
3 G. 200E -02 0.430E-•03 0 .417E-05 0.252E-•0 5 0 .856E-•05 
4 0. 297E -02 0i670E-•03 0 .913E-05 Ô.508E-•05 0 .145E-•04 
5 0. 416E -02 O.IOOE-•02 0 .189E-04 0.988E-05 0 .238E-•04 
6 G. 558E -02 0.146E-•02 0 .371E-04 0.186E-•04 0 .384E-•04 
7 0. 731Ë -02 0.214E-•02 0 .698E-04 0.338E-04 0 .608E-04 
8 0. 939E -02 0.316E-02 0 .127E-03 0.598E-04 0 .945E-04 
9 0. 119E -01 0.480E-•02 0 .222E-03 0.103E-03 0 .144E-03 
10 0. 1496 -01 0.749E-•02 0 .379E-03 0.174E-03 0 .217E-•03 
11 0. 185E -01 0.117E-•01 0 .630E-03 0.288E-03 0 .322E-•03 
12 0. 228E -01 0.187E-•01 0 .102E-02 0•466E-03 0 .471E-03 
13 0. 280E -01 0.306E-•01 0 .162E-02 0.740E-03 0 .681E-•03 
14 0. 342E -01 0.515E-•01 0 .252E-02 0.116E-02 0 .972E-•03 
15 0. 415E -01 0.895E-•01 0 .384E-02 0.178E-02 0 . 137E-•02 
16 0. 504E -01 0.161E 00 0 .576E-02 0.270E-02 0 .192E-02 
17 0. 614E -01 0.285E 00 0 .850E-02 0.404E-02 0 .266E-02 
18 0. 754E -01 0.490E 00 0 .IIOE-01 0.596E-02 0 .364E-02 
19 0. 936E -01 0.815E 00 0 .155E-01 0.870E-02 0 .496E-02 
20 0. 118E 00 0.130E 01 0 .270E-01 0.126E-01 0 .668E-•02 
21 0. 152E 00 0.198E 01 0 .419E-01 0.179E-01 0 .894E-•02 
22 0. 200E 00 0.292E 01 0 •631E— 01 0.253E-01 0 .119E-01 
23 0. 269E 00 0.409E 01 0 .945E-01 0.354E-01 0 .157E-01 
24 0. 369E 00 0.557E 01 0 .142E 00 0.492E-01 0 .205E-01 
25 0. 522E 00 0.746E 01 0 .213E 00 0.676E-01 0 .343E-•01 
26 0. 764E 00 0.982E 01 0 .320E 00 0.105E 00 0 .497E-•01 
27 0. 115C 01 0.128E 02 0 .478E 00 0.156E 00 0 .713E-•01 
28 0. 179E 01 0.166E 02 0 .710E 00 0.228E 00 0 . 103E 00 
29 0. 287E 01 0.216E 02 0 .lllE 01 0.333E 00 0 . 150E 00 
30 G. 474E 01 0.279E 02 0 .200E 05 0.486E 00 0 .220E 00 
31 0. 802E 01 0.360E 02 0 .0 0.710E 00 0 .324E 00 
32 0. 200E 05 0.463E 02 0 .0 0.106E 01 0 .476E 00 
33 0. 0 0.598E 02 0 .0 0.200E 05 0 .776E 00 
34 0. 0 0.772E 02 0 .0 0.0 0 .200E 00 
35 0. 0 0.994E 02 0 .0 0.0 0 .0 
36 0. 0 0.129E 03 0 .0 0.0 0 .0 
37 0. 0 0•166E 03 0 .0 0.0 0 .0 
38 0. 0 0.202E 05 0 .0 0.0 0 .0 
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TABLE 16. INPUT FOR INFILTRATION INTO IDA SILT LOAM 
(MOVILLE SITE). 
I T P( I ) Q( II) P( 30 ) P(60) P(90) 
1 0. 19 -7400. -1940. —64000. -71000. -960000 
2 0.20 -5800. -1510. -48000. -54600. -96000 
3 0.21 -4600. -1210. -36500. -42200. -72000 
4 0.22 -3700. -995. -27500. -32400. -55500 
b 0.23 -2950. -820. -20500. -25000. -41500 
6 0.24 -2350. — 680 . -15300. -19000. -31000 
7 0.25 -1900. -575. -11400. -14400. -23500 
8 0.26 -1520. -490. -8800. -11100. -17600 
9 0.27 -1230. -422. -6540. —8600. -13100 
10 0.28 -1010. — 361. -4850. -6500. -9950 
11 0.29 -845. -311. -3620. -4900. -7400 
12 0.30 -685. -270. -2670. -3750. -5550 
13 0.31 -570. -235. -2000. -2850. -4100 
14 0.32 -475. -203. -1480. -2180. -3000 
15 0.33 -385. -180. -1050. --1650. - 2 2 0 0  
16 0.34 -314. -156. -790. -1230. -1650 
17 0.35 -257. -140. -578. -945. -1210 
18 0.36 -208. -122. -425. -700. -885 
19 0.37 -168. -109. -304. - 540 . — 660 
2 0  0.38 -132. -96. -222. -400. -480 
21 0.39 -109. -85. — 160. -300. -350 
22 0.40 -88. -75. -117. - 2 2 2 .  - 2 5 0  
23 0.41 -71. -65. -77. -170. -180 
24 0.42 -58. — 56 . —48 . -125. -130 
25 0.43 — 45. -47. -29. -94. -90 
2 6  0.44 -36. -40. -14. — 68. — 62 
2 7  0.45 -28. -33. -4. -47. -41 
2 8  0.46 -22. -28. 0. -29. -25 
29 0.47 -17. -22. 99900. -14. — 13 
30 0.48 -13. -17. 0. — 6 . — 6 
31 0.49 -10. -12. 0. -3. -3 
32 0.50 -7. -8. 0. 0. 0 
33 0.51 -4. -4. 0. 99900. 99900 
34 0.52 -2. 0. 0. 0. 0 
35 0.53 0. 99999. 0. 0. 0 
36 0.54 99999. 0. 0. 0. 0 
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TABLE 16. (CONTINUED) 
I D( I ) R( M ) D( 30) 0(60) 0(90) 
1 0. llOE -03 0 .900E -03 0 .363E-06 0 .131E-•06 0 .500E-•08 
2 0. 240E -03 0 .205E -02 0 .855E-06 0 .291E-•06 0 .193E-•07 
3 0. 400E -03 0 .371E -02 0 .192E-05 0 •616E-•06 0 .471E-•07 
4 0. 600E -03 0 .621E -02 0 .413E-05 0 .126E-•05 0 .llOE-06 
5 0. 860E -03 0 .lOlE -01 0 .852E-•05 0 .248E-05 0 .245E-•06 
6 0. 119E -02 0 . 161E -01 0 .171E-04 0 .472E-0 5  0 .529E-•06 
7 0. 160E - 0 2  0 .255E -01 0 .332E-04 0 .876E-05 0 .IIOE-05 
8 0. 214E -02 G .396E -01 0 .629E-04 0 .158E-•04 0 .222E-•05 
9 0. 288E -02 0 .607E -01 0 .116E-03 0 .279E-•04 0 .435E-05 
10 0. 390E -02 0 .917E -01 0 .208E-03 0 .481E-•04 0 .832E-•05 
11 0. 543E -02 0 .135E 00 0 .365E-03 0 .813E-04 0 .155E-04 
12 0. 783E -02 0 .194E 00 0 .630E-03 0 .135E-•03 0 .284E-•04 
13 0. 115E -01 0 .274E 00 0 .107E-02 0 .219E-03 0 .507E-04 
14 0. 177E -01 0 .379E 00 0 .177E-02 0 .351E-03 0 .889E-04 
15 0. 277E -01 0 .517E 00 0 .289E-02 0 .554E-03 0 .153E-03 
16 0. 428E -01 0 .694E 00 0 .465E-02 0 .861E-•03 0 .259E-•03 
17 0. 639E -01 0 .913E 00 0 .737E-02 0 .132E-02 0 .430E-03 
18 0. 922E -01 0 .118E 01 0 .115E-01 0 .200E-02 0 .705E-03 
19 0. 128E 00 0 .151E 01 0 .178E-01 0 .299E-02 0 .114E-•02 
2 0  0. 173E 00 0 .190E 01 0 .272E-01 0 .443E-02 0 .181E-02 
21 0. 226E 00 0 .236E 01 0 .409E-01 0 .648E-02 0 .285E-02 
2 2  0. 289E 00 0 .292E 01 0 .610E-01 0 .938E-02 0 .442E-02 
2 3  0. 361E 00 0 .360E 01 0 .949E-01 0 .135E-01 0 .679E-02 
24 0. 445E 00 0 . 4 4 2 E  01 0 . 199E 00 0 .191E-01 0 .103E-01 
25 0. 543E 00 0 . 542E 01 0 .400E 00 0 .270E-01 0 .155E-01 
26 0. 662E 00 0 .663E 01 0 .858E 00 0 .377E-01 0 .231E-01 
27 0. 807E 00 0 .813E 01 0 .228E 01 0 .544E-•01 0 .379E-01 
28 0. 994E 00 0 .997E 01 0 .113E 02 0 . lOôE 00 0 . 718 E-01 
29 0. 123E 01 0 .123E 02 0 .200E 05 0 . 197E 00 0 . 133E 00 
30 0. 157E 01 0 .152E 02 0 .0 0 .385E 00 0 .255E 00 
31 0. 2 0 2 E  01 0 . 188E 02 0 .0 0 .965E 00 0 .609E 00 
32 0. 267E 01 0 .236E 02 0 .0 0 .236E 01 0 . 178E 01 
33 0. 3 70E 01 0 .298E 02 0 .0 0 .200E 05 0 .200E 05 
34 0. 560E 01 0 .385E 02 0 .0 0 .0 0 .0 
35 0. 9 6 0 E  01 0 .200E 05 0 .0 0 .0 0 .0 
36 0. 200E 0 5  0 .0 0 .0 0 .0 0 .0 
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APPENDIX C 
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The following is an explanation of the constants used 
in the modified Hanks and Bowers (1962) computer program for 
estimating infiltration of water into a two-layered system. 
NMX - the number of entries in the "T" array 
LOG - dummy variable used to read in identification 
P and Q - suction values for Soil I and Soil II, respectively 
D and R - "sum of diffusivity times delta theta" arrays for 
Soil I and Soil II, respectively 
P3. P6, P9 - P arrays for 30-, 60-, and 90-minute crusts, 
respectively 
D3» D6, D9 - D arrays for 30-, 60-, and 90-minute crusts, 
respectively 
K - number of depth increments in entire profile 
MM - number of cycles between print-out of water content 
distribution 
L - number of depth increments to second soil 
N - number of entries in P and D arrays 
NN - number of entries in Q and R arrays 
N3» N6, N9 - number of entries in 30-, 60-, and 90-minute 
crust arrays, respectively 
GONSl, C0NS2, CONS3, C0NS6, C0NS9 - saturated water content of 
Soil 1, Soil 2, 30-, 60-, and 90-minute crusts, respec­
tively 
T - water content array beginning at 0.01 less than the driest 
initial water content and ending at 0.01 greater than the 
saturation level encountered 
W - array describing the antecedent moisture content of each 
depth increment — W(l) is always the saturation value 
of Soil I 
H - suction array corresponding to W 
DBLT - first time increment 
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DELW - water content Increment 
CONS? - estimated specific water capacity 
C0N8H - constant to control roundoff 
TTT - constant to control type of numerical procedure - (TTT = 
1.0, Leasonen method; TTT = 0.5» Crank-Nicholson method) 
CONT - constant to keep DELT less than a certain value 
DELX - depth increment 
GBAVY - Gravity term - for infiltration GRAVY = DELX 
TH'E - cumulative time at start 
CUMC - cumulative infiltration at start 
CONB - another constant to guess specific water capacity 
UGNQ - constant to advance delta T 
GONBB - initial conductivity to be stored at all depths 
CONCC - initial water capacity to be stored at all depths 
@ - symbol representing quote marks - encloses material to be 
printed directly 
The computer program, written in the FORTRAN 4 language 
for the IBM 3^0/50, follows. 
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c INFILTRATION BY HANKS AND BOWERS 
DIMENSION A{70) ,B(70) ,C(70),Y(70),G(70),Z(70),P{70) 
DIMENSION H(70),W{70),0(70),0(70),V(70),R{70) 
DIMENSION LGC(19),D3(70),P3(70),D6(70),P6(70) 
DIMENSION T(70) ,DE1{70),DE2(70)»D9(70)»P9(70) 
5 0 0  READ(l,501)NMAX»(L0C(I),I=l,19) 
501 F0RMAT(I2,19A4) 
IFCNMAX)112»112,502 
502 WRITE(3,503)(LOG(I),1=1,19) 
503 FORMAT(1H1,20X,19A4) 
DO 5 04 I=1,NMAX 
P(I)=0. 
0 { I ) = 0 .  
D(I)=0. 
P3(I)=0. 
P6(I)=0. 
P9(I)=0. 
D3(I)=0. 
D6(I)=0. 
n9( n=o. 
504 R(I)=0. 
READ (1 ,.116)K,MM,L,N,NN,N3,N6,N9,C0NS1,C0NS2,C0NS3, 
1C0NS6,C0NS9 
116 FQRMAT{8I3,5F3.2) 
M=N-1 
K K = K + 1  
88 READ (1,117) (T(I),1 = 1,NMAX) 
117 FORMAT(25F3.2) 
89 READ {1,119)(P( I ) , I = 1,N) 
119 FORMAT{12F6.0) 
161 READ (1,119)(Q(I),I=1,NN> 
READ(1,121)(P3([),1=1,N3) 
121 F0RMAT(7E10.3) 
READ{1,.121 ) {P6( I) T I = 1,N6) 
HEAD(1,121)(P9(I),I=1,N9) 
91 READ (1,121)(D(I),1=1,N) 
-160 READ ( 1 , 121 ) (R ( n ,1 = 1 ,NN) 
READ(1,121)(D3(I),r=l,N3) 
READ(1,121)(D6(I),I=1,N6) 
READ(1,121)(D9(I),I=1,N9) 
87 READ (1,81)(W(I),I=1,KK) 
31 F0RMAT(21F3.2) 
IF (W{1Î)112,112,82 
82 READ(1,121)(H(I),1=1,KK) 
C 
C 
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92 READ (l,115)DELT,DELW,C0NS7,C0NSH,TTTtC0NT,DELX, 
1GRAVY,TIME,CUMMC,C0NB,C0NQ,C0NBB,C0NCC 
ITIME,CUMMC,CONB,CONO,CONBB,CONCC 
115 FORMAT(8F5.2,2F5.4,2F5.3,F5.4,F6.0) 
C ALL INPUT HAS NOW BEEN READ IN 
DELT=DELT».l 
TTT=1. 
LL=MM 
CONSH=CONSH*.l 
L0T=0 
DE1(1)=0. 
DEK 2)=C. 
0E2(1)=0. 
DE2(2)=DELX 
DO 149 1 = 3,KK 
DEK I)=DE1(I-1)+DELX 
149 DE2( I )=DE2(I-1)+DELX 
WRITE(3,250)K,MM,L,N,NN,C0NS1,C0NS2,DELT,DELW 
2 50 FORMAT ( IHO , 5)K=a , I 3 , 5X , 3MM=a , 13, 5X , aL = a, I3,5X,aN = a, 
lI3,5X,aNN=a,I3,5X,aC0NSl=a,F5.2,5X,aC0NS2=3,F5.2, 
15X,SDELT=a,F5.3,5X,aDELW=a,F5.2) 
WRITE(3,251)C0NS7,C0NSH,TTT,C0NT,DELX,GRAVY,C0NB 
251 FORMAT(IHO,3C0NS7=a,F5.2,5X,aCONSH=3,F5.2,5X,aTTT=a, 
lF5.2,5X,aC0NT=3,F5.2,5X,aDELX=a,F5.2,5X,3GRAVY=a, 
IF5.2,5X,3C0NB=a»F8.3) 
WRITE(3,252)C0NQ,C0NBB,C0NCC 
252 FORMATClHO,aCONQ=a,F6.3,5X, aC0N6B=a,F7.4,5X, 
iaC0NCC=3,F8.0) 
WRITE(3,351)C0NS3,N3,C0NS6,N6,C0NS9,N9 
351 FORMAT(lH0,aC0NS3=a,F5.2,5X,aN3=a,I3,5X,3C0NS6=3, 
lF5.2,5X,aN6=3,I3,5X,3C0NS9=a,F5.2,5X,aN9=3,I3,//) 
WRITE(3,253) 
253 FORMAT!T2,a 13 T7,3Ta T15,3Pa T27,3D3 T35,awa T43, 
13H3 T56,3P33 T62,aP6a T81,3P93 T92,a033 T103, 
13063 T114,3D93/) 
WRITE(3,254)(I,T(1),P(I),D(I),W(I),H(I),P3(I),P6(1), 
1P9(I ) ,D3(I),D6{I)»D9(I),1 = 1,NMAX) 
254 FORMAT!IH ,I 2,F6.2,F11.0,E11.3,F6.2,F 11.1,F14.0, 
12F12.0,3E11.3) 
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C INPUT AND FIXED CONSTANTS DESCRIBING RUN HAVE 
C NOW BEEN PRINTED OUT 
DO 9 3 1=1,KK 
93 V(I)=W(I) 
TEMPA=0.0 
TMO=1.0-TTT 
G(K+2)=0.0 
A(K+1)=0.0 
PIT=0.0 
CONMC=0.0 
DO 84 1=1,K 
84 B{I)=CONBB 
DO 85 1=1,K 
PIT=PIT+W(I+l) 
85 C(I)=CONCC 
CONQ=CONQ*DELX 
DXSQD=DELX«DELX 
C THE FOLLOWING SECTION EFFECTS THE CHANGE OF 
C INPUT SOURCE FOR SOIL I WHEN CRUSTING IS EVALUATED 
543 IF(TIME-.25)43,512,512 
512 IF(TIME-.75)513,514,514 
514 IF(TIME-1.25)515,516,516 
513 IF(L0T-2)520,43,43 
52 0 M=N3-1 
H(1)=P3(M) 
W(1)=T(M) 
H(2)=P3(M-1) 
W(2)=T(M-1) 
V(2)=W(2) 
534 C0NS1=C0NS3 
DO 5 23 1 = 1 ,k,4AX 
P(I)=P3( I ) 
523 DM )=D3( I ) 
L0T=3 
GO TO 43 
515 IF(L0T-5)521,43,43 
521 M=N6-1 
H(2)=P6(M-1) 
W(2)=T(M-1) 
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V(2)=W(2) 
CONS1=C0NS6 
DO 525 I=1,NMAX 
P(I)=P6(I) 
525 0(1)=D6(I) 
L0T=6 
GO TO 43 
516 IF(L0T-8)522,43,43 
522 M=N9-1 
H(2)=P9(M-1) 
W(2)=T(M-1) 
V(2)=W(2) 
C0NS1=C0NS9 
DO 526 I=1»NMAX 
P(I)=P9(I) 
526 D(I)=D9(I) 
L0T=9 
C START OF HANKS AND BOWERS SOLUTION 
43 DO 40 1=1,K K  
40 G{I)= H {I )  
66 DIFFA=D(M) 
no 41 1=1,K 
IF (H(I)-H(I+l))42,41,42 
42 IF(I-L)710,711,711 
710 D O  44 J=l,70 
IF(W(I+1)-T(J))47,47,44 
44 CONTINUE 
47 DIFFB=(W(I+1)-T(J-1))*(D(J)-D(J-1))/DELW+D(J-1) 
GO TO 49 
711 DO 45 J=l,70 
IF(W(I+l)-T(J))48,48,45 
45 CONTINUE 
48 DIFFB=(W(I+1)-T(J-1))»(R(J)-R(J-l))/DELW+R(J-1) 
49 IF (I-L)72,51,72 
51 DO 57 J=l,70 
IF ( H ( I+1)-P(J))58,58,57 
57 CONTINUE 
58 TEMPA=DIFFA-((H(I+ 1)-P(J-1î i»(D(J)-D(J-1 ) ) / 
1(P(J)-P(J-1))+D(J-l) ) 
D O  5 9  J=l,70 
IF (H(I)-Q(J)160,60,59 
5 9  CONTINUE 
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60 TEMPB={H(I)-Q(J-1))*(R(J)-R(J-1))/(Q(J)-Q(J-1)) 
1+R(J-1)-DIFFB 
B(I)=TEMPB*TEMPA/((TEMPA+TEMPB)*0.5 *(H( I)-H(I + l))) 
GO TO 61 
72 DIFF=DIFFA-DIFF8 
B(I)=DIFF/(H(I)-H(I+l)) 
61 IF(I-L)712,713,713 
712 DO 52 J=l,70 
IF(V(I+l)-T(J))54,54,52 
52 CONTINUE 
54 C{I)=(P(J)-P(J-1))/DELW 
GO TO 56 
713 DO 5 3  J=I,70 
IF(V(I+1)-T(J))55,55,53 
53 CONTINUE 
55 C(I)=(Q(J)-QÎJ-1))/DELW 
56 DIFFA=DIFFB 
41 CONTINUE 
C 0 VALUES HAVE NOW BEEN CALCULATED FOR EACH 
C INCREMENT 
1 DO 2 1=1,K 
2 A(I)={DELT/DXSQD)*B(I) 
3 DO 5 1=1,K , 
4 TEMPX=A(I)*C(I)*TTT 
rEMPZ=TEMPX*Y(I ) 
TEMPY=( ( ( A;{ I+l )+A( I ) )*C( I ) *TTT ) +1. 0 )-TE MPZ 
Y(I+1)=(A(I+1)*TTT*C(I))/TEMPY 
TEMPW=({(GlI+2)-G(I+l))*TM0-GRAVY)*A(I+1)) 
TEMPU=(TEMPW+({(G(I)-G(I+1))*TMO)+GRAVY)*A(I))*C(I) 
l+Gd+l) 
IF ( 1-1)8,7,8 
7 TEMPU=(G(I)*TEMPX)+TEMPU . _ 
8 Z(I+1)=((TEMPX*Z{I))+TEMPU)/TEMPY 
5 CONTINUE 
I = K-2 
9 IF (H{I + 2)-G(I+2) )94,11,95 
94 IF (C0NSH+(H(I+2)-G(I+2)))12,ll,ll 
95 IF (C0NSH-(H{I+2)-G(I+2)))12,11,11 
11 H(I+2)=G(1+2) 
12 H(I+1)=H(I+2)*Y(I+1)+Z(I+1) 
10 IF (1-1)14,14,6 
6  1 = 1 - 1  
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C NEW HEAD VALUES FOR EACH INCREMENT HAVE NOW 
C BEEN CALCULATED 
G O  T O  9  
1 4  D O  1 7 0  I = 1 , K  
7 3  I F  ( H ( I + l ) - G ( I + l ) ) 1 8 » 1 7 0 » 1 8  
1 3  I F  ( I - L > 2 6 , 2 7 , 2 7  
2 6  D O  2  8  J = l , 7 0  
I F  ( H ( I + 1 ) - P ( J ) ) 2 9 , 2 9 t 2 8  
2 8  C O N T I N U E  
2 9  W A T E R = ( ( H ( I  +  I ) - P ( J - I ) ) / ( P ( J ) - P {  J - 1 )  )  ) * D E L W + T ( J - 1 I  
G O  T O  3 4  
2 7  D O  3 2  J = l , 7 0  
I F  ( H ( I  +  1 ) - Q (  J )  ) 3 3 , . 3 3 , 3 2  
3 2  C O N T I N U E  
3 3  W A T E R = ( { H ( I + 1 ) - Q { J - 1 ) ) / ( Q ( J ) - Q ( J - 1 ) ) ) * D E L W + T ( J - 1 )  
3 4  V ( I + l ) = ( W A T E R - W ( I + l ) ) * C O N M C + W A T E R  
I F  (  I - L ) 3 5 , 3 6 , 3 6  
3 5  I F  ( V ( I + 1 ) - C 0 N S 1 ) 3 7 , 3 7 , 3 9  
3 6  I F  ( V ( I + 1 ) - C 0 N S 2 ) 3 7 , 3 7 , 3 9  
3 9  V ( I + 1 ) = W A T E R  
3 7  W ( I + 1 ) = W A T E R  
1 7 0  C O N T I N U E  
C  N E W  W A T E R  C O N T E N T S  H A V E  N O W  B E E N  C A L C U L A T E D  
C  F O R  E A C H  I N C R E M E N T  
7 4  T I M E = T I M E + D E L T  
5 5 5  I F  I L L - M M ) 1 9 , 7 6 , 7 6  
7 6  J J = 2  
J J J = 1 1  
W R I T E  ( 3 , I 5 1 ) T I M E  
1 5 1  F O R M A T ( 1 H 0 , 1 2 H T I M E ( H 0 U R S ) = , F 7 . 4 )  
1 5 7  W R I T E  ( 3 , 1 5 3 ) ( D E I ( I ) , D E 2 ( I ) , I = J J , J J J )  
1 5 3  F O R M A T d H  ,  9 H D B P T H  (  C M  )  , . F 5  .  1 ,  I H - ,  F 4 .  1 ,  
1 9 ( F 6 . 1 , 1 H - , F 4 . 1 ) )  
W R I T E  ( 3 , 1 5 5 ) ( W ( I ) , I = J J , J J J )  
1 5 5  F O R M A T d H  , 8 H M  C  V O L  ,  1 0 F 1 1 . 4 )  
W R I T E  ( 3 , 1 5 8 ) ( H ( I ) , I = J J , J J J )  
1 5 8  F O R M A T d H  ,  8 H H E  A D  (  C M  )  ,  l O F l  1  .  1 ,  /  )  
I F  ( J J J - K ) 1 6 7 , 1 6 5 , I 6 5  
1 6 7  J J = J J + 1 0  
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JJJ=JJJ+IO 
IF <JJJ-K)I57,157,159 
1.59 JJJ = K+I 
GO TO 157 
165 CONTINUE 
C WATER CONTENT-SUCTION DISTRIBUTION FOR THE ENTI 
C PROFILE HAS JUST BEEN PRINTED OUT 
WRITE (3,168) 
168 FORMATC1H0,31HACC TIME(HR) _ ACC TIME(MIN) , 
134HD&LTA TIME(HR) ACC INFILT(CM) , 
143HINFILT RATE KCM/HR) INFILT RATE 2(CM/HR),) 
LL=0 
19 CONTINUE 
TIME1=TIME*60. 
20 SUM=0.0 
21 DO 2 2 I=1,K 
22 SUM=W(I+1)+SUM 
WFR=((H{1)-H(2)+G(1)-G(2))*0.5+GRAVY)*B(D/DELX 
23 SUMC=(SUM-PIT)*DELX , 
PIT=SUM 
' CONMC=TIME/(TIME+CONB) 
IF (C0NMC-C0NS7)24,25,25 
24 C0NMC=C0NS7 
25 CUMMC=CUMMC+SUMC 
WFR2=SUMC/DELT 
WRITE (3,13)TIME,TIME1,DELT,CUMMC,WFR,WFR2 
13 FORMAT!IH ,F10.4,2F16.4,F17.4,F19.4,F22.4) 
C INFILTRATION RATE AND ACCUMULATION PRINTED 
C OUT AT EACH TIME INCREMENT 
DELT=CONQ/WFR 
IF (DELT-CONT)110,110,111 
111 DELT=CONT 
110 LL=LL+1 
IF(W(K)-.48I113,500,500 
113 IF{TIME-2.0)150,500,500 
150 GO TO 543 . . _ 
112 STOP 
END 
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